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GUEST EDITORIAL
NASA ADMINISTRATOR CHARLES BOLDEN OPENING REMARKS

Opening speech given at the 8th International Space Safety Conference, Space First, Safety for All, 
in Melbourne, Florida (USA) held from May 18-20, 2016.

Thank you, Mr. [Mark] Glissman for your very kind in-
troduction. It’s a pleasure to be here. I also want to thank 
IAASS President Isabelle Rongier for guiding this orga-
nization in all the good work it does.

You know, since I’ve become NASA Administrator, there 
has been an incredible expansion of our capabilities, and 
our vision. When I started, commercial space was a con-
crete program, but its future was still a foggy notion.  
I don’t think anyone would have predicted 7 years ago 
that today we’d not only have two fully functional com-
mercial resupply partners, but that they would already be 
critical components in our ISS supply chain.

It’s also important to note that both of them have recov-
ered from mishaps, which is the true test of their mettle 
and ability to learn from mistakes, correct them and get 
better. Nor would we have guessed that a third commer-
cial cargo partner would have been added for the second 
phase of the program to resupply an International Space 
Station that we’ve now committed to through at least 
2024.

In commercial crew, it also was not a foregone conclu-
sion that we would be successful, but now The Boeing 
Company and SpaceX are well into the development of 
their crew transportation systems, we’ve let contracts for 
those services, astronauts are training for the first test 
flights and next year, NEXT year, is our targeted first 
launch of each of these vehicles. Dragon and Starliner 
are the new names that will go down in history along 
with the Space Shuttle – and Orion! – as the carriers of 
humanity’s aspirations.

Wow! And commercial space is just one piece of our 
comprehensive and collaborative journey to Mars.

Many people may not think of commercial space vehi-
cles and capability as part of the journey to Mars, but it 
most definitely is. Without this, NASA couldn’t begin to 
look at the farther horizons with the Space Launch Sys-
tem rocket and the Orion spacecraft. Without this, we 
couldn’t have seeded a whole new segment of the econo-
my, giving industry the chance to use its own hard work 
and innovation to create jobs and new markets for their 
capabilities and growing the ways the next generation 

could become excited and inspired by the many facets 
of exploration. From business to science to engineering 
and design, there’s a reflection of your passions in our 
modern space program.

All that said, today we’re focused on a very necessary 
topic.

The launches and the waving astronauts on TV; the in-
credible homecoming after a one-year mission; the pros-
pect of humans finally traveling to Mars – none of that 
can happen without a strong safety presence.

I’ve said from day one that our commercial space trans-
portation systems will fly only when they meet NASA’s 
stringent safety requirements. Some fault NASA for be-
ing slow in its development programs, but a lot of that is 
because of our early and often focus on the safety factor. 
While commercial companies have moved rapidly to de-
velop their systems, it has also been with careful insight 
by NASA – insuring they meet important safety mile-
stones and conduct testing and more testing.

We’ve progressed at the rate at which funding allowed. 
We aren’t going to rush the development of our commer-
cial cargo and crew vehicles no matter how much people 
want it.

We really need our own U.S. crew transport capability 
because we should not be totally dependent on our Rus-
sian partners and we should not have to continue paying 
an increasingly high rate for seats aboard the Soyuz. But 
I want to be very clear, once again, we won’t fly until 
we’re convinced the new commercial transportation sys-
tems meet our safety requirements.

Our teams are working hard to ensure the safety stan-
dards for our Commercial Crew Program are consistent 
with our Exploration Program’s safety standards and 
where there are necessary differences we understand and 
acknowledge those differences (e.g. Deep space long du-
ration vs. LEO short duration safety criteria).

We have 50 years of history launching humans to space, 
and there’s an incredible knowledge base in there. Be-
lieve me, our commercial partners are making use of it. 
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We’ve always been about lessons learned – both good 
and bad.

In our history, every mishap, whether involving crew or 
not, has always made us stronger, more resilient and with 
one more dataset to help us be safer in the future.

I’ve lost friends and colleagues in space accidents. I don’t 
want anyone else to have to go through that. The bottom 
line is that space travel is extremely difficult and risky. It 
always has been and always will be and there’s no way to 
make it risk free any more than getting into your car and 
driving down the highway is ever going to be 100% safe.
But that doesn’t mean that we don’t try our hardest to 
continually minimize risk; that we don’t check and re-
check and that we don’t encourage everyone to speak up 
when they don’t think it’s safe to proceed. I’ve worked 
hard in my tenure to develop a culture of safety at NASA 
where dissenting voices are heard and considered. It’s not 
a catch all, but it’s another check and balance and in our 
business, that’s essential.

So, our partners have begun tests of their launch abort 
systems. The rockets on which their spacecraft will fly 
also are being tested. The list of things to overcome to 
make commercial crew a reality is extensive, as you can 
imagine, but I am confident in our partners’ abilities and 
their commitment to safety is just as strong as ours is.

Because the market in low Earth orbit is going to be 
deeper and broader than just NASA, there’s going to be 
an increasing need for cargo, and yes, for human trans-
portation in the coming years. So all of us are working 
to get it right here on the ground floor. NASA’s horizon 
mission may be Mars, but that doesn’t mean at all that 
we’re taking our eyes off of LEO and the work of our 
commercial partners.

As I mentioned, the work of our commercial partners is 
essential to getting to Mars.

Our stepping stone approach involves getting the most 
out of the International Space Station (ISS), where we’re 
learning to live and work in space for the long term, 
making breakthroughs in human health and demonstrat-
ing technologies for traveling farther. From there, we’ll 
shake out some of the cutting edge new technologies 
such as solar electric propulsion in the proving ground of 
the regions around our moon (cis-lunar) and out in deep 
space. This will phase will involve missions using Orion 
and the SLS to cis-lunar space and to an asteroid and then 
we get to the Earth independent phase when we finally 
make the decision to move our missions out to the Mar-
tian region and to its surface. That’s going to be a huge 
international undertaking where everything we need 

we’ll either have to take, make enroute or send on ahead. 
From Mars, Earth will no longer be a matter of hours or 
days away and many challenges will have to be solved 
by our technology and our human ingenuity millions of 
miles and months away from home base.

It’s daunting, but exciting! The journey to Mars is the 
biggest thing humanity has ever undertaken and it’s 
thrilling to think that somebody in my granddaughters’ 
generation, maybe even one of them, will be the first hu-
mans at Mars.

So that stepping stone approach builds on our capabilities 
and expands the uses of each milestone as we go and our 
culture of safety must always be present in every phase 
of this journey.

I mentioned our international partners and it will be criti-
cally important that they’re equally as concerned about 
safety as we are. Our astronauts in space are our most 
precious resource up there. They represent our brightest, 
most talented individuals and they’re selected in a highly 
competitive process. At NASA, for instance, we received 
18,300 applications for our last call for astronauts this 
past February.

We’ll make the selection of the Class of 2017 next year, 
but the previous Class of 2013 astronauts numbered 8, 
selected from some 6,800 applications, so you get an idea 
of the level to which these folks are scrutinized for their 
skills, talents, passion and dedication. By the way, Class 
2013 was the most diverse group we have ever selected 
for anything with 4 women and 4 men.

Your organization awarded us the IAASS Safety-by-De-
sign-Award in 2013 for the International Space Station as 
one of the safest and most successful space programs in 
history and we’re very proud of that. Because it took a lot 
of work and consensus building and it acknowledged that 
whatever we do, if nothing else, we operate with a strong 
safety consciousness out of an abundance of caution.

There have been a lot of space-related movies lately, from 
Gravity to The Martian that depict astronauts in danger.

But beyond the science fiction -- and we often work with 
producers to help make their stories as accurate as pos-
sible – the common thread is that there were multiple sys-
tems in all these scenarios for astronauts to ensure their 
safety, even if sometimes they had to jury-rig them. That 
is a fact!

At the end of the day, our men and women in space are 
going to have to rely on their wits and training, but we 
can give them the benefit of the very best technology, the 

Journal of Space Safety Engineering – Vol. 3  No. 2 - September 2016

47

International Association for the Advancement of Space Safety



most thorough testing and the strongest chances for safe 
missions.

A lot of experts at this gathering are going to give you 
much more detailed insight on the broadest picture of 
safety in space, from orbital debris mitigation, to getting 
into and returning from space and to living on other plan-
etary bodies. What I want to emphasize, though, is that I 
believe our future is very bright. We will continue to push 
the envelope because we have to.

More and more partners, both in industry and with other 
nations are going to require new ways of thinking and 
our journey to Mars is the biggest thing humanity has 
undertaken. The hard won knowledge of the past is going 
to have to be applied to new systems and new missions 
that were not even conceived when first we began this 
long journey to space.

It’s a journey that really has no end, so we will continue 
to be teachable. To move forward in a sustainable manner 
even as political winds come and go and budgets sustain 

or change, what is inalterable is our desire to explore. 
The sacrifices of the men and women who have come be-
fore will never be forgotten and the practical, day to day 
challenges of making space as safe as possible, will never 
be overlooked. The passion and commitment that you in 
IAASS bring for establishing and maintaining a strong 
safety mindset and culture of safety must remain strong.
At NASA and among our industry and international part-
ners, we must follow the example you set in each and 
every one of our programs whether they involve humans 
or robotic systems.

It will be essential that we all serve as safety officers 
in our individual work sites and our leadership must be 
committed to promoting safety as every level of effort. 
This we must and will do – I promise you that.

Thanks so much for allowing me to join your forum this 
morning and God Speed!

Thank you.

PROFILE

Nominated by President 
Barack Obama and con-
firmed by the U.S. Senate, 
retired Marine Corps Ma-
jor General Charles Frank 
Bolden, Jr., began his du-
ties as the twelfth Admin-
istrator of the National 
Aeronautics and Space 
Administration on July 17, 
2009. As Administrator, 
he leads the NASA team 
and manages its resources 
to advance the agency's 
missions and goals.

Bolden's confirmation marks the beginning of his second 
stint with the nation's space agency. His 34-year career 
with the Marine Corps included 14 years as a member 
of NASA's Astronaut Office. After joining the office in 
1980, he traveled to orbit four times aboard the space 
shuttle between 1986 and 1994, commanding two of the 
missions. His flights included deployment of the Hubble 
Space Telescope and the first joint U.S.-Russian shuttle 
mission, which featured a cosmonaut as a member of his 
crew. Prior to Bolden's nomination for the NASA Admin-
istrator's job, he was employed as the Chief Executive 
Officer of JACKandPANTHER LLC, a small business 

enterprise providing leadership, military and aerospace 
consulting, and motivational speaking.

A resident of Houston, Bolden was born Aug. 19, 1946, 
in Columbia, S.C. He graduated from C. A. Johnson 
High School in 1964 and received an appointment to 
the U.S. Naval Academy. Bolden earned a bachelor of 
science degree in electrical science in 1968 and was 
commissioned as a second lieutenant in the Marine 
Corps. After completing flight training in 1970, he be-
came a naval aviator. Bolden flew more than 100 com-
bat missions in North and South Vietnam, Laos, and 
Cambodia, while stationed in Namphong, Thailand,  
from 1972-1973.

After returning to the U.S., Bolden served in a variety of 
positions in the Marine Corps in California and earned a 
master of science degree in systems management from 
the University of Southern California in 1977. Follow-
ing graduation, he was assigned to the Naval Test Pilot 
School at Patuxent River, Md., and completed his train-
ing in 1979. While working at the Naval Air Test Center's 
Systems Engineering and Strike Aircraft Test Director-
ates, he tested a variety of ground attack aircraft until his 
selection as an astronaut candidate in 1980.

Bolden's NASA astronaut career included technical as-
signments as the Astronaut Office Safety Officer; Technical  

Charles F. Bolden, Jr
(Major General, USMC Ret.)

NASA Administrator
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Assistant to the Director of Flight Crew Operations; 
Special Assistant to the Director of the Johnson Space 
Center; Chief of the Safety Division at Johnson (oversee-
ing safety efforts for the return to flight after the 1986 
Challenger accident); lead astronaut for vehicle test and 
checkout at the Kennedy Space Center; and Assistant 
Deputy Administrator at NASA Headquarters. After his 
final space shuttle flight in 1994, he left the agency to 
return to active duty the operating forces in the Marine 
Corps as the Deputy Commandant of Midshipmen at the 
U.S. Naval Academy.

Bolden was assigned as the Deputy Commanding Gen-
eral of the 1st Marine Expeditionary Force in the Pacif-
ic in 1997. During the first half of 1998, he served as 
Commanding General of the 1st Marine Expeditionary 
Force Forward in support of Operation Desert Thunder in 

Kuwait. Bolden was promoted to his final rank of major 
general in July 1998 and named Deputy Commander of 
U.S. Forces in Japan. He later served as the Commanding 
General of the 3rd Marine Aircraft Wing at Marine Corps 
Air Station Miramar in San Diego, Calif., from 2000 un-
til 2002, before retiring from the Marine Corps in 2003. 
Bolden's many military decorations include the Defense 
Superior Service Medal and the Distinguished Flying 
Cross. He was inducted into the U.S. Astronaut Hall of 
Fame in May 2006.

Bolden is married to the former Alexis (Jackie) Walker 
of Columbia, S.C. The couple has two children: Antho-
ny Che, a lieutenant colonel in the Marine Corps who 
is married to the former Penelope McDougal of Sydney, 
Australia, and Kelly Michelle, a medical doctor now 
serving a fellowship in plastic surgery.
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ABSTRACT

Bone demineralization, dehydration, and stasis put astro-
nauts at an increased risk of forming kidney stones in 
space. The incidence of kidney stones and the potential 
for a mission-critical event are expected to rise as expe-
ditions become longer and immediate transport to Earth 
becomes more problematic. At the University of Wash-
ington, we are developing an ultrasound-based stone 
management system to detect stones with S-modeTM ultra-
sound imaging, break stones with burst wave lithotripsy 
(BWLTM), and reposition stones with ultrasonic propul-
sion (UPTM) on Earth and in space. This review discusses 
the development and current state of these technologies, 
as well as integration on the flexible ultrasound system 
sponsored by NASA and the National Space Biomedical 
Research Institute.

1. INTRODUCTION

Astronauts are at an increased risk of kidney stone for-
mation due to the dehydration, stasis, and bone demin-
eralization that occur in space [1]–[3]. While stones are 
often innocuous in the kidney, they can cause debilitating 
pain when they move into the ureter and attempt to pass. 
Obstruction can lead to renal failure, severe urinary tract 
infection, or even death [4]–[6]. Over 30 symptomatic 
stone incidents have been reported in United States as-
tronauts post-flight; one notable in-flight stone instance 
has been described in the Russian space program, where 
a crewmate was found “writhing in pain” [1], [7]. While 
no US astronaut has experienced a kidney stone event 
in-flight, the importance of kidney stones in space is ex-
pected to rise as missions become longer and immediate 
transport to Earth becomes more problematic. 

There is currently no definitive pharmacological or di-
etetic solution to eliminate the risk of renal stone forma-

tion in long-term space expeditions or on Earth. Potassi-
um citrate has been shown to be an effective prophylactic 
agent in reducing the risk of urinary stones on Earth and 
has been used by NASA as a countermeasure to stone for-
mation on short duration flights [1], [2]. Another possible 
countermeasure under investigation by NASA involves a 
combination of resistive exercise plus bisphosphonates, 
which have been shown to reduce urinary calcium excre-
tion during missions to the International Space Station 
(ISS) [8]. However, in an attempt to reduce the risk of 
visual impairment and increased intracranial pressure, 
NASA has been exploring the use of a medication known 
to elevate urinary pH, which increases the formation risk 
of certain types of kidney stones [9], [10]. The use of 
this agent could offset any stone risk reduction provided 
by potassium citrate and may synergistically increase the 
risk of stone formation in space [9], [10].

At the University of Washington, we are developing a 
suite of ultrasound-based stone management technolo-
gies to diagnose and treat kidney stones on Earth or in 
space. There are three primary system technologies: S-
modeTM, BWLTM, and UPTM. S-modeTM is a stone-specific 
ultrasound imaging mode optimized to visualize kidney 
stones. Burst Wave Lithotripsy (BWLTM) is a non-shock 
based approach to break kidney stones into smaller frag-
ments. Ultrasonic propulsion (UPTM) is the application 
of acoustic radiation force to either facilitate passage by 
moving a stone or stone fragments towards the exit of the 
kidney or to relieve obstruction and pain by pushing a 
stone back into the kidney and allowing stone treatment 
to occur at a later time.

2. S-MODETM ULTRASOUND IMAGING

Current ground-based technologies to detect stones, 
such as computed tomography (CT) and plain film x-
ray are unsuitable for flight because of the size, power 
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requirements, and/or exposure to ionizing radiation. 
Standard B-mode ultrasound has been used to diagnose 
kidney stones, which ideally appear as hyperechoic ob-
jects with a posterior hypoechoic shadow; however, ul-
trasound sensitivity is low compared to CT and highly 
dependent upon stone size and the interpretation of the 
operator [11]. Sensitivity has been reported at 45% over-
all [12]–[14], with numbers as low as 13% for the detec-
tion of stones <3 mm and 71% for the detection of stones 
>7 mm [11]. The literature measurement of stone size 
with ultrasound is also variable and tends to be overes-
timated with clinical ultrasound [11], [13], [15], again 
particularly for small stones. Management decisions are 

in part based on the size of the stone, and overestima-
tion of a small stone can lead to treatment when instead 
the stone potentially can be passed. The reverse can oc-
cur with larger stones, which are often asymmetric, and 
sometimes underestimated with ultrasound due to its 2D 
nature, where the largest stone dimension is missed. The 
color Doppler ultrasound “twinkling artifact”, which 
highlights stones with rapidly changing color as shown in 
fig. 1, is a supplement to B-mode to increase specificity 
[16]–[20]; however, because of the inconsistent appear-
ance of the twinkling artifact, sensitivity is not signifi-
cantly improved. 
 
Early detection of small stones is critical in the space pro-
gram as stone size is a significant predictor for the dura-
tion and severity of a stone incident [21]; small stones, 
generally defined as <5 mm diameter, pass spontaneously 
in 68% of cases, whereas less than 50% of stones 5-10 
mm diameter pass naturally [22]. S-modeTM ultrasound 
imaging is under development to improve kidney stone 
detection and sizing by optimizing an ultrasound sys-
tem to delineate hard structures. Commercial ultrasound 
systems are generally optimized to distinguish subtle 
differences in soft tissue, which can result in poor con-
trast and resolution when imaging hard objects such as 
kidney stones. Stone-specific ultrasound, or S-modeTM, 
improves the resolution of kidney stones, but as a trad-
eoff there is some reduction in soft tissue image quality, 
as shown in fig. 2. 

 
Figure 1. An example of the kidney stone twinkling 
artifact in a pig kidney, which shows the stone as a 
mosaic of colors in a greyscale ultrasound image.

Figure 2. Ultrasound images of (upper) a human kidney and (lower) stones on a tissue phantom taken with (left) 
conventional B-mode ultrasound and (right) with S-modeTM ultrasound developed at the University of Washington. 
Left: Conventional B-mode ultrasound clearly shows kidney structures including the collecting system, calyces, and 
papilla of the kidney; however, the lower image shows that the kidney stone brightness is not different than the tissue 

phantom and small stones of 1-2 mm diameter spaced 3-4 mm apart cannot be resolved.  Right: S-modeTM ultrasound 
clearly shows the collecting system and calyces of the kidney, though without the same degree of soft tissue resolution as 
shown in the conventional B-mode ultrasound image; however, the lower image shows that stones appear significantly 

brighter than the soft tissue phantom and the small stones can be resolved. 

Journal of Space Safety Engineering – Vol. 3  No. 2 - September 2016

51

International Association for the Advancement of Space Safety



Figure 3. (a) Ultrasound image of an ex vivo human 
kidney stone showing the difference in stone size 

measurements between the hyperechoic stone and the 
posterior acoustic shadow. This image was featured on 
the cover of the Journal of Urology (January 2016) and 
is reprinted with permission from Elsevier Publishing 
[24]. (b) Ultrasound images of a 4.4 mm stone in the 

lower pole of a human kidney. Measurement of the stone 
width (blue) overestimates the stone size by 3.2 mm, 

whereas measurement of the posterior acoustic shadow 
(yellow) overestimates the stone size by 1.0 mm.

Using a flexible Verasonics® ultrasound system, which 
allows the user to specify the transmit, receive, and post-
processing of the ultrasound signal, traditional B-mode 
imaging has been refined to detect kidney stones [23], 
[24]. These custom stone-specific algorithms include an 
ultrasound transmit pattern called high density ray line 
imaging, with a defined focus just proximal to the kid-

ney stone to improve stone resolution. The compression 
of the received ultrasound signal is designed to increase 
the contrast of the high intensity signals (i.e., stones). 
Lastly, the use of filtering and smoothing algorithms, 
such as spatial compounding, or the averaging of mul-
tiple frames imaged from different angles, is minimized. 
These algorithms can blur the stone and posterior acous-
tic shadow, and their respective boundaries. The ultra-
sound focal depth and gain can also be automatically 
adjusted by the system to reduce user dependence and 
the stone boundary can be outlined by an algorithm to 
predict the size of the stone [23]. Automation of signal 
settings and sizing potentially will reduce operator vari-
ability; i.e., these techniques might prevent a novice 
user from increasing the gain too much, which would 
inflate the size of the stone in the image. Using our cur-
rent version of S-modeTM, we reduced the average stone 
size overestimation in 45 ex vivo human kidney stones 
to 1.4 ± 0.8 mm [24]. This error in stone sizing was 
further reduced by measuring the posterior hypoechoic 
shadow as shown in fig. 3, which for the same stones and 
settings was found to be 0.2 ± 0.7 mm [24]. In human 
subjects, the average stone size error between S-modeTM 
and CT was 0.7 ± 1.5 mm for measuring the stone and  
-0.2 ± 1.4 mm for measuring the shadow [25]. Clinically, 
74% of stones and 70% of shadows measured within 
the same size category (<5 mm, 5-10 mm), with 74% of 
stone measurements and 88% of shadow measurements 
within 2 mm of the CT measurement for stones [25]. 

S-modeTM also includes improvements to enhance the de-
tection of the stone based on the color Doppler twinkling 
artifact, as it makes stones easier to identify, particularly 
for non-expert sonographers. Studies suggest that the 
underlying etiology for the twinkling artifact is micron-
sized trapped gas pockets on the kidney stone surface 
that scatter the ultrasound wave [26], [27]. The crevice-
bubble hypothesis was tested by applying hydraulic over-
pressure to ex vivo human kidney stones, which shrinks 
the crevice bubbles and reduces twinkling [26], [27]. To 
improve the appearance of twinkling, Cunitz et al. found 
that increasing the number of cycles in the Doppler en-
semble, increasing the amplitude of the transmitted ul-
trasound wave, and lowering the pulse center frequency 
increased the amplitude of the twinkling signal, while 
the number of pulses in the Doppler ensemble, the pulse 
repetition frequency, and transducer angle had no effect 
on twinkling [28]. These results support the theory that 
twinkling is caused by micron-sized bubbles trapped on 
the kidney stone surface.

Specific conditions that occur in space, such as chang-
es in ambient pressure and gas composition, have been 
found to affect twinkling [27], [29]. On the International 
Space Station (ISS), astronauts are 
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Figure 4. a) Photograph of the preclinical BWLTM 
system showing the driving electronics and BWLTM 
transducer with a center-cutout for a commercially-
available imaging transducer. b) Photographs of a 

calcium oxalate monohydrate kidney stone before (left) 
and after (right) BWLTM therapy. Photographs courtesy 

of Dr. Adam Maxwell.

exposed to elevated levels of carbon dioxide 10-20 times 
the carbon dioxide concentration on Earth [30]–[32]. In 
pigs implanted with kidney stones, twinkling was found 
to be significantly reduced or eliminated upon exposure 
to elevated levels of carbon dioxide at the upper end of 
what is found on the ISS [29]. If elevated inspired carbon 
dioxide adversely effects twinkling, it could make kidney 
stone detection with twinkling difficult in space, unless 
the ultrasound detection algorithm is refined, the ambi-
ent carbon dioxide levels are reduced, or effective coun-
termeasures are employed to restore twinkling, such as 
exposure to oxygen or hypobaric pressure (shown in the 
lab to increase twinkling by enlarging the bubbles) [27]. 
Work is continuing on methods to enhance twinkling 
for improved kidney stone localization on Earth and in 
space, and to understand the effect of carbon dioxide and 
inspired gas composition on twinkling. 

3. BURST WAVE LITHOTRIPSY (BWLTM)

As stones larger than 6 mm are unlikely to pass sponta-
neously, large, symptomatic stones are likely to require 
treatment, even in space. This is particularly important 
for missions beyond low Earth orbit where transport to 
Earth changes from hours to days, weeks, or months.  

On Earth, these stones would be treated through shock 
wave lithotripsy, ureteroscopy laser lithotripsy, or per-
cutaneous nephrolithotomy, depending on the exact cir-
cumstances of the case [33]. However, these treatments 
are not feasible for spaceflight because of the size or 
amount of equipment needed, the invasive nature of the 
procedure and/or the need for a trained physician and sur-
gical suite. 

BWLTM is an emerging technology that uses short bursts 
of low frequency, broadly focused ultrasound to com-
minute kidney stones noninvasively. Maxwell et al. de-
scribed the development of the BWLTM technology to 
fragment kidney stones in vitro [34]. Artificial and natu-
ral stones of various compositions and 5-15 mm in diam-
eter were treated with BWLTM in a water bath with ultra-
sound frequencies of 170, 285, and 800 kHz. All natural 
and artificial stones were fragmented in 36 seconds (for 
the softest, uric acid, stones) to 14.7 min (for the hardest, 
cystine, stones). Fragment size was observably uniform 
and was found to depend on the frequency of the ultra-
sound source, with a maximum fragment size of 4 mm 
when treated at 170 kHz and a maximum fragment size 
of 1 mm when treated at 800 kHz.
A preclinical therapy prototype has since been developed 
for BWLTM [35] and is shown in fig. 4. A 330 kHz fo-
cused transducer of 8-cm diameter with a focal length of 
12 cm was designed to disintegrate stones smaller than 
10 mm into fragments of less than 1 mm diameter. The 
transducer is powered by a small, custom high-voltage 
pulser and image guidance is achieved with a coaxially 
aligned, commercially available imaging transducer. In 
vitro studies in a water bath indicated that the transducer 
performed close to expectations with all fragments less 
than 2 mm and 87% of fragments less than 1 mm for 
artificial stones [35]. Furthermore, preliminary in vivo 
studies in pigs have shown that imaging feedback can 
be used to monitor for injury during therapy and stones 
were comminuted in a high carbon dioxide environment. 
Future work in BWL therapy includes further in vivo test-
ing of stone comminution and development of the injury 
feedback technique before application to the US Food 
and Drug Administration (FDA) for feasibility trials in 
human subjects.

4. ULTRASONIC PROPULSION (UPTM)

For stones smaller than 6 mm, conservative treatment is 
common and includes medication and watchful waiting 
for stones to pass spontaneously. Certain occupations 
such as airline pilots have at times required intervention 
to prevent a small, asymptomatic stone from becoming 
symptomatic at an inopportune critical time. For astro-
nauts, a small stone could suddenly become obstructive 
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and cause intense pain during a mission- or life-critical 
activity. The infrastructure, technology, and personnel 
are in place should there be a reason to treat such a stone 
on Earth, but as described in the section on BWLTM, these 
solutions are not ideal for spaceflight. 

UPTM is a novel technology based on acoustic radiation 
force that uses short, focused bursts of ultrasound to re-
position stones within the renal collecting system [36]. 
This would allow astronauts to prophylactically expel a 
small, asymptomatic stone, temporarily relieve symp-
toms of an obstructing stone, or aid in the passage of 
stone fragments after BWLTM, as left behind they could 
serve as nuclei for new stone formation or an infection. 

The prototype device was described in 2010 by Shah 
et al. [37]. The device consisted of a 2 MHz, 8-element 
annular transducer driven by an 8 channel function gen-
erator with 8 individual amplifiers; a coaxially aligned 
imaging transducer was used to guide the treatment. 
Separate systems were required to image and move the 
stones. With 2-5 second pulses, 50% duty cycle, and in-
stantaneous acoustic powers of 5-40 W, the device was 
able to reposition glass beads and calculi up to 8 mm di-
ameter in a fluid-filled artificial collecting system molded 
within a tissue-mimicking phantom. This same system 
was later used to reposition stones and beads in vivo in 
a porcine model, where both objects were moved from 
renal calyces to the renal pelvis or exit of the kidney in 
all six pigs [38].

The second generation ultrasonic propulsion device, re-
ported in Harper et al., used a single, commercially avail-
able transducer for imaging and therapy [39]. Compared 
to the initial prototype, the second generation system was 
significantly smaller, used lower energies, and electronic 
focusing allowed the pushing pulse to be focused any-
where in the B-mode image. Using short pulses of ul-
trasound distributed over a 1-s burst at a 3% duty cycle, 

65% of 2-8 mm artificial or calcium oxalate stones were 
successfully repositioned from the calyces to the renal 
pelvis or ureter in pigs; seven additional stones were 
moved within the calyx but not successfully repositioned 
to the renal pelvis. There were no signs of histologic in-
jury associated with the treatment.

Based on observations from the initial animal studies, 
the pushing pulse was changed to a concentrated, 50-ms 
burst of ultrasound energy at 73% duty cycle. In pigs, 
6 calcium oxalate stones of 2-5 mm diameter were suc-
cessfully repositioned from the lower pole of the kidney 
to the renal pelvis in 14 ± 8 min. using an average of 13 
± 6 bursts of ultrasound [40]. Seven-day survival studies 
were performed assuming 20 minutes of treatment de-
livered at a rate of 0.5 Hz with no evidence of injury as 
evaluated through blood tests, urine tests, and histologi-
cal analysis.

The US FDA approved a feasibility study to assess wheth-
er stones could be repositioned in 15 adult human subjects 
[41]. There were no restrictions on stone size or position. 
The study population included subjects with 1-5 indi-
vidual de-novo stones ranging from 2-14 mm and post-
lithotripsy subjects with clusters of sub-micron to 2 mm 
fragments. Thirteen study participants underwent UPTM in 
the clinic without sedation, while two underwent UPTM 
under general anesthesia, as UPTM was applied during 
their ureteroscopy procedure. The primary outcome of the 
study was stone repositioning, with secondary outcomes 
of pain, safety, and controllable stone movement. Adverse 
events were assessed weekly for 3 weeks through verbal 
follow-up and over 90 days by monitoring records for un-
planned physician or emergency department visits.

Kidney stones were successfully repositioned in 14 of 15 
subjects and in 65% of the targets. Four of six post shock 
wave lithotripsy subjects passed in total over 30 stone 
fragments within 48 hours after the UPTM treatment. The 

Figure 5. Images of a tissue phantom kidney in a torso training phantom imaged with a NASA FUS C1-5 transducer 
and driven by a Verasonics® ultrasound system.  Left: Image of the stone at the initial position with the twinkling capa-
bility on, which shows the stone in color.  Center: Image of the stone (arrow) after the first “push” attempt, showing the 
stone has moved approximately 2 cm to the left.  Right: Image of the same kidney after the second push where the stone 

has moved out of the image plane and to the exit of the kidney.
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largest stone moved was 10 mm and one patient expe-
rienced pain relief when a large, obstructing stone was 
moved back into the kidney from the junction between 
the kidney and ureter. There were no adverse events as-
sociated with treatment and discomfort during the treat-
ment was rare, mild, and self-limited.

Future directions for the UPTM technology include ad-
ditional clinical trials looking at the effectiveness of re-
lieving pain and obstruction in the emergency medicine 
department and on expelling large volumes of small frag-
ments. Current refinements to the system include integra-
tion with S-modeTM imaging and modification of specific 
features to work synergistically with BWLTM to make a 
comprehensive stone management system.

5. IMPLEMENTATION ON THE FLEXIBLE  
 ULTRASOUND SYSTEM

NASA and the National Space Biomedical Research In-
stitute (NSBRI) have been working to develop a flexible 
ultrasound system (FUS) as the next ultrasound instru-
ment for the ISS and expedition missions. The FUS will 
fulfill current medical needs of ultrasound in space, as 
well as accommodate advanced diagnostic and therapeu-
tic ultrasound capabilities developed for space-specific 
conditions, now and in the future. Currently, in addi-
tion to S-modeTM and UPTM, this includes technologies 
for bone fracture and bone loss mitigation led by Dr. Yi-
Xian Qin and technologies to image and diagnose visual 
impairment and intracranial pressure led by Dr. Aaron 
Dettinger. A custom-built pinout board developed by 
the Exploration Medical Capabilities (ExMC) team at 
NASA Glenn Research Center and consultants at ZIN 
Technologies has allowed for using the NASA FUS im-
aging probe, from the as yet unreleased FUS, for test-
ing the imaging and propulsion capabilities on the UW 
Verasonics®-based FUS. Using the center 128 elements 
of the C1-5 transducer (196 elements), a kidney stone 
within the collecting space of a renal mannequin model 
was successfully imaged with S-modeTM as shown in fig. 
5; the stone was also successfully repositioned. Although 
not yet tested, it is anticipated that the NASA FUS sys-
tem will accommodate BWLTM as well.

6. CONCLUSIONS

The risk of kidney stone formation is considered par-
tially controlled for missions to the ISS and the moon 
with rapid deployment back to Earth, but is considered 
uncontrolled for deep space and planetary missions. Phar-
macological countermeasures may not be employed in all 
crewmembers due to the potential for other spaceflight 

medical conditions, which may limit their use. Significant 
progress has been made to allow for complete ultrasonic 
management of kidney stones including improvements in 
imaging for stone diagnosis, the ability to fragment large 
stones with bursts of ultrasound, and the development of 
ultrasonic propulsion for scheduled repositioning of small 
stones, temporary relief of symptoms from obstructing 
stones, or removal of fragments after BWLTM. Ultrasound 
technologies such as these to diagnose or treat a variety of 
space specific conditions are currently being implemented 
on NASA’s FUS. As detection and treatment of kidney 
stones with ultrasound continues to be optimized, it is the 
hope that the NASA-identified risk of renal stone forma-
tion in space will be changed from uncontrollable to con-
trolled for all planned missions. 
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ABSTRACT

The commercial use of space is not a new concept. Satel-
lites have provided commercial services since the 1960s. 
However, the launch and recovery of space vehicles was 
dominated by State operators or under State Contract un-
til the end of the last century. While commercial launches 
continue to increase, the international regulatory frame-
works related to launch and reentry are fundamentally 
unchanged and are not structured to support a competi-
tive commercial launch industry. 

This paper examines the regulatory gaps in the existing 
frameworks, particularly in the international domain. 
While there remain unresolved questions with regard 
to ICAO as it applies to suborbital flight, the ability of 
ICAO to develop standards and recommended practices 
for the portion of the operation that takes place in civil 
airspace is clear. These standards are necessary to ensure 
the safety of civil airspace for both traditional airspace 
users and launch operators, and the interaction of space-
ports with civil airspace. 

1. DEFINING THE REGULATORY GAP

Commercial applications for space technology are not 
new, there have been commercial satellites in operation 
for decades and the provision of commercial services 
utilizing satellite technology is pervasive in our society. 
The United States opened launch activities to private 
operators through the Commercial Space Launch Act of 
1984, but the operational treatment of private launches 
remained identical to that of State sponsored launches.1 

The US has continued to advance the legal frameworks 
to allow expanded commercialization of space launch 
activities over the last three decades.2 Similarly, the 
European Space Agency supported the development 
of Arianespace to provide commercial launch services 
for the European market.3 However no new interna-
tional treaties have been negotiated or advanced by 
the United Nations Committee on the Peaceful Uses 
of Outer Space in the commercial space era, creating 
new gaps between domestic policy and international  
frameworks.

The new commercial space industry is expanding rapidly 
into launch operations as private companies continue to 
develop not only new rocket technologies, but also new 
concepts of launch operations. These include horizon-
tal take off, launch from aircraft or balloon, and launch 
from mobile and fixed sea platforms. Notably, the recent 
SpaceX Falcon 9 vertical landing illustrated a fundamen-
tally new concept in re-entry operations.4 The regulatory 
challenge is twofold, technology and policy. These dis-
tinct categories should be viewed and addressed inde-
pendent from one another. This approach is necessary to 
ensure the policy issues are not disregarded in the regula-
tory process, which tends to have a natural focus on the 
technical side of safety regulation. Recent experience in 
the regulatory development for unmanned aircraft illus-
trates this difficulty, as rapid developments in technol-
ogy have driven the debate, leaving many critical policy 
questions, particularly with regard to the right to regulate 
at very low altitudes, unanswered.

1.1 Policy

In the policy dimension, the transition from government 
operation to a regulated competitive industry presents 
a set of challenges, but is not without precedent. In the 
aviation industry, national airlines were privatized, air 
navigation service providers (ANSP) became corpora-
tized and airports around the world have gone from State 
to private operation. In making the transition, each State 
needed to evaluate whether the appropriate regulatory re-
gimes were in place. Both safety and economic consider-
ations were addressed. As we examine the case of many 
ANSPs in the late 1990’s, we see that the separation of 
the regulators from service providers either placed new 
burdens on existing regulators or required the creation 
of entirely new regulatory authorities. In addition, it be-
came apparent that international civil aviation standards, 
that had long been in place for airline operators, did not 
necessarily exist for ANSPs and had to be created. ICAO 
continues to identify and fill these gaps. While we can 
look to these examples to help identify regulatory gaps, 
there are significant differences between the privatization 
of elements of a national transportation infrastructure and 
the development of a competitive commercial industry in 
a field once populated only by public operators. 
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In the commercial space question, we are not looking at 
the transition from public to private ownership, but rather 
the introduction of new commercial operators, which will 
likely co-exist with State operators. In addition, commer-
cial space operators are unlikely to comprise a critical part 
of a State’s national transportation infrastructure, alleviat-
ing the need for certain economic regulation that may have 
been considered necessary in the privatization of elements 
in traditional aviation. However, with regard to safety reg-
ulation, not only is there a need for States to consider the 
development of regulatory authorities, or assign the regu-
latory function for commercial space operators to existing 
regulatory authorities, but the international component is 
also of critical importance. 

The policy questions regarding the operation of com-
mercial space activities are not limited to the commercial 
space industry itself. Both the launch and recovery phases 
of commercial space operations occur in airspace that is 
shared with civil aviation. As these phases either disrupt, or 
pose as safety hazard to civil aviation, it is necessary to en-
sure that regulations include the civil aviation components. 
While there may be continued debate as to the need to dis-
tinguish between aviation and space, the authority to regu-
late, and other jurisdictional questions, there is no question 
that international civil aviation is affected by the activities 
of commercial space operators in civil airspace. At a mini-
mum, regulations to prevent collision between civil avia-
tion and commercial space operations are warranted.

In examining the international policy and regulatory is-
sues, it is necessary to determine whether current defini-
tions are appropriate. Launch operations themselves may 
not necessarily constitute international transport. It is tra-
ditionally accepted that air transport involves the trans-
portation of people or goods between two points on the 
earth and that international air service involves the transit 
through the airspace or territory of more than one State.

For commercial space operations, the launch and recovery 
may occur within a single State and the transport of goods, 
i.e. satellites, is from the earth to space rather than between 
two points on the earth. However, new launch sites can 
create a circumstance where the trajectory of the launch 
may cross an international border.5 The issue becomes 
clouded when the path of the trajectory crosses over the 
territory of another State at an altitude above that which is 
considered airspace, but below that which is regarded as 
outer space. In addition, launch operations from sea launch 
platforms located on the high seas are necessarily interna-
tional operations as it is established that the high seas and 
the overlying airspace is de facto international. Thus, it is 
subject to long recognized international principles in avia-
tion including the principle that regulation is necessary.

The discussion of the International Commission for Air 
Navigation (ICAN) in 1929, found: “Any freedom that is to 
be exercised in the interests of all entitled to enjoy it must be 
regulated. Hence, the law of the high seas contains certain 
rules, most of them already recognized in positive interna-
tional law, which are designed, not to limit or restrict the 
freedom of the high seas, but to safeguard its exercise in the 
interests of the entire international community.” 6

The concept that flight over the high seas is free, does not 
imply that it is without restriction, rather that the respon-
sibility and authority to make rules regarding flight over 
the high seas, does not lie with an individual State but 
rests with International Civil Aviation Organization. For 
airspace over land or territorial water, States have the au-
thority to vary from ICAO standards and recommended 
practices. This is not the case for airspace over the high 
seas. As referenced in Annex 2 to the ICAO Conven-
tion, Flight over the high seas, “It should be noted that 
the Council resolved, in adopting Annex 2 in April 1948 
and Amendment 1 to the said Annex in November 1951, 
that the Annex constitutes Rules relating to the flight and 
manoeuvre of aircraft within the meaning of Article 12 of 
the Convention. Over the high seas, therefore, these rules 
apply without exception.” 7

The Annex 2 provisions are of critical consideration with 
regard to launch from a sea platform. As a launch neces-
sarily requires the restriction of flight through a volume 
of airspace, ICAO must provide provisions that would al-
low for the closure of such airspace to civil aviation for a 
specified period to ensure safety. The Annex 2 definitions 
of both restricted area and prohibited area, the airspace cat-
egories routinely used to protect launch areas, specify that 
it applies to the airspace over land areas or territorial wa-
ters of a State. As a consequence of these definitions, there 
are no provisions for an air navigation service provider to 
create a restricted or prohibited area in high seas airspace. 
The only available option is the use of a danger area, de-
fined in Annex 2 as “An airspace of defined dimensions 
within which activities dangerous to the flight of aircraft 
may exist at specified times.” This designation does not 
preclude flight through that area and as a result does not 
provide the same level of protection for either aircraft or 
launch vehicles as is provided by the use of restricted or 
prohibited areas in sovereign airspace.

From a policy standpoint, a danger area is not the high 
seas equivalent of a restricted or prohibited area. In the 
ICAO Air Traffic Services Planning Manual (ICAO doc 
9426) paragraph 3.3.2.2 states, “According to their defini-
tions, a danger area implies the least degree of restriction, 
while the prohibited area constitutes its most stringent 
form. It should also be noted, however, that this definition 
is applied only with respect to airspace which is situated 
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over the territory of a State. In areas where no sovereign 
rights are exercised (e.g. over the high seas) only danger 
areas may be established by that body responsible for the 
activities causing their establishment.” 

While the danger area provides the least degree of re-
striction, it is solely designed for safety purposes, and as 
such does not provide a means by which the competing 
demands for the civil use of the airspace are managed. In 
general, danger areas are used when unusual activities oc-
cur that pose a hazard to flight, it is not designed for rou-
tine civil operations. These areas are generally used to pro-
tect civil aircraft from military activity or other activities 
outside air traffic control where it is unlikely that a civil 
authority would be able to take steps to prevent or sus-
pend the activity for the purpose of allowing civil aircraft 
to safety transit the area. Using the US example, there is 
a strong civil-military cooperation, wherein the schedul-
ing and release of airspace, including restricted areas can 
be adjusted to accommodate demands of civil users, par-
ticularly in the case of weather conditions that may pose a 
hazard to flight. The European concept of Flexible Use of 
Airspace, is to consider airspace as neither civil nor mili-
tary and is allocated or segregated on a temporary and real 
time basis. Airspace allocation is increasingly dynamic on 
a global basis. In order to have this flexibility, there must 
be an underlying policy basis that allows for the establish-
ment of protocols and agreements with the airspace users. 
This basis is not available in the construct of danger areas. 
While the use of danger areas is appropriate for falling de-
bris or re-entry where planning and maneuver may not be 
possible, the same conditions do not exist for launch ac-
tivity. Airspace planning should consider launch require-
ments as part of an airspace planning model.

The ICAO Separation and Airspace Safety Panel consid-
ered several papers on the development of safety standards, 
separation standards, and the designation of aircraft haz-
ard areas specifically related to space launch and recovery 
activities. In 2015, the United States member specifically 
requested that the Panel consider the creation of a new cat-
egory of special use airspace designed for space activities. 
Without an airspace category that can be applied in high 
seas airspace, there is a significant regulatory gap that must 
be filled to permit the maximum safety benefit from a sea 
platform launch. The ability to create a launch facility far 
from populated land areas decreases the risk to life and 
property and while the technological barriers have been 
overcome, the policy barrier remains. Unlike other aviation 
provisions, where individual States can consider modifi-
cations to allow for specific operations, the provisions for 
operation over the high seas must be addressed by ICAO. 
Current provisions are limited to the coordination of activi-
ties and promulgation of information by the ATS authority.8 
This language provides a de facto priority over civil avia-

tion operators that may constitute an unreasonable restric-
tion to the freedom of over flight of the high seas. 

1.2 Technology 

In developing proper regulatory frameworks to address the 
safety regulation, the rapid development of commercial 
space technology presents unusual, but not unprecedented 
challenges. The move in ICAO to shift from prescriptive 
to performance-based standards allows for the develop-
ment of early requirements that are sufficiently flexible 
to accommodate technological developments. This ap-
proach allows for alternative means of compliance when 
compared to prescriptive standards that may hinder tech-
nological development. In the case of protected airspace 
for launch operations, the models used, generally adapt 
special use airspace designed for military aircraft opera-
tions and utilize it for a launch operation. While this may 
be adequate to provide a safety buffer, the approach may 
not take advantage of developments in space technology 
and could result in greater disruption to civil aviation than 
necessary. Developing new airspace models that not only 
consider the specific risk models of the intended launch 
vehicle, but also take advantage of modern risk modeling 
tools, provide an opportunity to reduce the operational 
disruption needed to accommodate commercial space 
launches. This is an important step for the commercial 
space industry. If commercial space launches are too dis-
ruptive to other users, their access to airspace may be lim-
ited, restricting growth in the industry.

The development of specific technical standards for com-
mercial space launch operations has additional difficulties 
due to the diversity in technology and operational type. Un-
like aviation, where a new standard is designed to apply to 
hundreds of aircraft with thousands of operations a year, 
commercial space operations may require standards for a 
launch vehicle type with only a few in existence and just a 
handful of operations. In addition, the amount of data avail-
able from testing may be considerably less than the aviation 
community is accustomed to. Consider the example of de-
veloping wake turbulence separation standards. Rather than 
a standard limiting the amount of wake an aircraft design 
can produce, the standard was to determine how far another 
aircraft had to remain from the wake generating aircraft to 
ensure safety of flight. This is the same concept that will be 
applied in creating a standard for protected airspace around 
a launch. That is, how far does an aircraft need to remain 
from a launch to ensure safety of flight?

For the development of wake turbulence separation stan-
dards, research has been ongoing since the late 1960’s us-
ing data from airport sensors, aircraft manufacturers, and 
governments contributing to the process.9 This provides 
large amounts of data to support the development of wake 
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turbulence separation standards. For example, by 2013 
there were over 100,000 wake measurements per year. 
While wake turbulence separation is a standard to protect 
the safety of other aircraft (specifically, those following), 
if that standard is larger than necessary, it reduces system 
capacity and places an undue burden on other system us-
ers. In order to reduce the separation requirements, exten-
sive testing and modeling is necessary to make a proper 
safety case. Similarly, the air traffic control separation 
required from a space launch or recovery operation is pri-
marily to protect the safety of uninvolved aircraft operat-
ing in the vicinity. However, the amount of available data 
from the commercial space manufacturing community 
may not be comparable to that used in developing other 
aviation standards. 

Designing a protected airspace volume tailored to meet 
the needs of, or more precisely to mitigate the risk im-
posed by, a specific launch or recovery operation, requires 
sufficient data about the operation itself. The rapid techno-
logical innovation in this field will make it difficult, if not 
impossible for many government regulators to develop 
the models necessary. It will require significant and active 
input from industry to create timely airspace models. This 
is not to say that process standards cannot be developed 
that will facilitate the development of these models. The 
handful of States with launch experience can offer exper-
tise to identify the elements that need to be considered 
and evaluated in building models for protected launch and 
recovery airspace. 

The intersection of technology and policy occurs when 
launch specific modeling becomes sufficiently robust to 
create detailed boundaries for each launch type. The com-
mon models for restricted or prohibited airspace involve 
static boundaries and the airspace is active or inactive, but 
the boundaries themselves do not change. These bound-
aries are published in airspace charts that are known and 
available through well established means. In a scenario 
where dynamic airspace modeling could be used, it will 
be necessary to determine the means by which airspace 
users will be notified of the airspace boundaries and how 
that information will be made available to flight planners 
and pilots. The publication requirements for danger areas 
can provide a foundation, but may need to be expanded as 
commercial space launches increase in frequency.

For organization structural purposes, the US example 
can be instructive. While there are specific legal restric-
tions on promulgating regulations on some elements of  
commercial space activity to allow the development of 
the industry, the Federal Aviation Administration has the 
oversight responsibility over launch and re-entry opera-
tions in order to protect the public. Its authority extends 
to protect aircraft from the threat of potential launch or 

re-entry vehicle failure. In developing aircraft hazard ar-
eas using a variety of modeling tools, the FAA determines 
which airspace or airways will be closed to accommodate 
the launch. The FAA has extensive experience using Tem-
porary Flight Restrictions (TFR) for various purposes. Air 
traffic control is able to support the enforcement of these 
dynamic areas with the ability to depict areas defined by 
geographic points on a radar map. For procedural airspace, 
airways that traverse an aircraft hazard area are closed to 
traffic for the affected period. However, even with the ex-
tensive experience and modeling tools, the disruption in 
civil traffic may be greater than necessary to prevent trans-
gression into the aircraft hazard areas. 

The reliance by the FAA on intervention by air traffic con-
trol to ensure that aircraft do not enter a launch hazard area 
may not be a suitable model in all conditions. In areas with 
limited communications coverage, or those susceptible to 
communications disruption, it is important for the detailed 
information on the hazard area to be known in the cock-
pit. In addition to competition for airspace under planned 
conditions, there is increased competition for airspace 
when weather deviations are necessary. While the launch 
airspace may be free of convective activity, the surround-
ing airspace may contain a weather hazard, requiring civil 
aircraft to deviate. Considering that both are a hazard to 
safety of flight, how launch airspace will be managed in 
these circumstances must be included in the airspace plan-
ning process. 

2. THE CASE FOR INTERNATIONAL  
 STANDARDS

As the number of commercial spaceports and private 
launch facilities increase, there is a corresponding need 
for globally harmonized safety standards. There has 
been considerable debate as to whether the ICAO Chi-
cago Convention allows for the regulation of space ac-
tivities. While there remain some unresolved questions 
with regard to ICAO, particularly as it applies to sub-
orbital flight, the ability of ICAO to develop standards 
and recommended practices for the portion of the opera-
tion that takes place in civil airspace is clear. Article 37 
of the Chicago Convention grants ICAO the ability to 
develop standards and recommended practices for “all 
matters in which such uniformity will facilitate and im-
prove air navigation.” As the transit of civil airspace by 
spacecraft and other vehicles affect the safety, regularity,  
and efficiency of air navigation, the role of ICAO in  
developing these standards falls clearly within its exist-
ing mandate. In addition, considering that the work cur-
rently proposed in ICAO would address the requirements 
for aircraft to avoid hazard areas created by commercial 
space operations, the standards will apply more directly 
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to civil aviation than to the space operators in the near 
term. However, these standards cannot be developed 
without substantial inputs from the space industry. As an 
integrated policy approach evolves, the standards should 
seek to balance the interests of the competing industries of 
aviation and space operators as airspace users, rather than 
treating space operators solely as a hazard. 

2.1 New Space Faring States

Commercial development of space launch operations will 
allow for States that do not currently have launch capacity 
to participate in the space launch economy. We are seeing 
new States enter the space launch community now and we 
can expect that to expand rapidly in the near future. Like 
other technical developments, there is value in building 
structures where new entrants can benefit from the lessons 
learned from States that have been engaged in launch ac-
tivities for decades. This premise is engrained in the ICAO 
processes, specifically in the development of guidance 
material to facilitate the implementation of new technolo-
gies and procedures. ICAO, working with the UN Office 
of Outer Space Affairs, can utilize this model to facilitate 
the safe expansion of launch capacity around the world. 

2.2 The Transit User

If instead of instead of treating commercial space activi-
ties as a separate and distinct industry, the aviation com-
munity and ICAO in particular, regard it as a transit user 
of civil airspace, the regulatory processes become more 
clear. The requirement to determine either a functional or 
vertical demarcation between space activity and aviation 
activity is nullified. Rather, the regulatory questions align 
with the airspace and would apply to all actors within it. 
That is not to say that the type of operation does not war-
rant special considerations, but rather that there those con-
siderations would fall into the myriad of different types 
and considerations required for comprehensive airspace 
design and planning. This approach is consistent with the 
current US federal model as well as the emerging Euro-
pean model for functional use of airspace. 

By adopting the concept of transit user to apply to those 
operations that transit the airspace but do not operate in 
it, the regulatory framework is adaptable to accommo-
date new technologies and operational concepts as they 
emerge. To draw a parallel with traditional aviation, the 
regulatory frameworks accommodate a variety of opera-
tional types as diverse as helicopters and supersonic jets. 
It is by virtue of the fact that they all operate in civil air-
space and not the technical capabilities of the aircraft that 
dictate the regulatory jurisdiction. If commercial space 
operators are regarded as civil airspace users the juris-
dictional issues become equally clear. This multimodal 

approach allows for the linkage of airport and airspace 
policy in developing a comprehensive commercial space 
policy. In addition, by considering the transit user as a cat-
egory, the mission type does not create a new regulatory 
or jurisdictional question. The methods by which airspace 
is allocated, hazard areas are determined and aviation op-
erators are notified can be harmonized whether the mis-
sion purpose is launching satellites, commercial cargo, 
commercial crew, commercial space stations, satellite 
servicing, suborbital space tourism, research or other ap-
plications. Like aviation, questions of priority are deter-
mined by policy and operational limitations. Operational 
priority is a well-established principle in aviation, and 
policies can be adopted to consider the specific needs of  
different transit users. 

3. INDUSTRY DEMANDS 

Existing global launch capacity is not adequate to meet 
the projected growth in the commercial space sector. New 
launch facilities are planned and more will be developed. 
In order for a new launch site to provide optimal capacity, 
it is important to mitigate the amount of disruption a launch 
causes to other civil airspace users. Considering the loca-
tion of launch facilities in the context of an overall airspace 
plan allows decision makers to optimize the investment 
decisions. Failure to do so can result in operational restric-
tions to new launch facilities, creating a need for additional 
facilities, delaying growth in the industry. To draw a com-
parison with aviation, an airport cannot take full advantage 
of its runway capacity if it has inadequate parking for air-
craft once they have landed. Spaceports with inadequate 
access to airspace would be similarly limited.

In addition to the need for adequate launch capacity, inter-
nationally harmonized standards are necessary to support 
industry growth and technological development. In a pre-
sentation to ICAO, the FAA summed up the issue clearly, 
“International standards for launch and reentry operations 
will ensure clarity and fairness for all stakeholders.” 10

4. CURRENT ICAO ACTIVITIES 

In June of 2014, ICAO initiated steps to form a Space 
Learning Group, which may lead to the establishment of 
a formal ICAO work program on space activities. The 
first joint symposium between ICAO and UN OOSA, the 
ICAO/ UNOOSA AeroSPACE Symposium was held in 
Montreal, Canada in March 2015 and the second held in 
Abu Dhabi, UAE in March 2016, with the theme, Emerg-
ing Space Activities and Civil Aviation – Challenges and 
Opportunities. These joint ICAO/ UN OOSA symposia 
serve to begin a process to build a relationship between 
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the space and aviation communities.

Looking beyond the ICAO work that is specifically orga-
nized for space activities, within the ICAO Panel structure 
questions are emerging regarding specific applications. 
These include the potential creation of a new airspace 
category to separate launch and recovery operations, the 
need for separation standards between aircraft and launch 
vehicles or protected airspace and civil aircraft, and the 
introduction of risk modeling tools specific to space opera-
tions. The ICAO Separation and Airspace Safety Panel has 
been in consideration of these topics for the last few years. 

4.1 Industry Engagement

The ICAO model is one of State and industry engagement 
to ensure that expert groups have access to complete and 
up to date information on the topics under discussion. 
As the ICAO structure is specific with regard to industry 
participation, the Panel members are comprised of those 
appointed by invited States and recognized international 
organizations. Currently there are no organizations rep-
resenting the interest of commercial space operators on 
the List of International Organizations That May Be In-
vited to Attend Suitable ICAO Meetings.11 Without a rec-
ognized International Organization, the industry engage-
ment in the development of standards is limited. ICAO 
has been actively working to bring in space industry ex-
pertise through various outreach efforts, including infor-
mal groups and the symposia. However, the formal work 
of the agency will be dominated by the inputs from States 
and recognized International Organizations. 

The ICAO Assembly to be held in 2016 will set the formal 
work programme and budget for the coming triennium. 
Whether and how much of ICAO resources will be dedi-
cated to these activities will be determined. As there are no 
formally recognized International Organizations represent-
ing the operational needs of transit users in civil airspace, 
the commercial space launch industry will have to rely on 
the States with an interest in advancing this work on the 
ICAO work programme and the International Organization 
representing the aerospace manufacturing community. 

5. CONCULSION

Commercial space launch operators are rapidly evolv-
ing technologies that will place specific demands on civil 
airspace, both domestic and international. As these op-
erations increase, the regulatory gaps in both policy and 
technical regulation must be closed to support a growing 
industry that provides high value services to the global 
population. In order to develop standards to fill these reg-
ulatory gaps, it is critical to ensure that industry expertise 

is available to regulators and international bodies where 
the standards will be developed. Adopting the concept of 
airspace transit user can facilitate this process.
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ABSTRACT

The international need for a safety and mission assurance 
(S&MA) training is narrow, but deep. Although some 
universities have ventured into this area and offered de-
gree programs in the past, they quickly found that the 
narrowness made it unprofitable. The question arises as 
to how we as S&MA professionals train those in our field 
with the needed knowledge to prevent the potentially 
catastrophic events that may occur.

A-P-T Research, Inc. is currently in the initial stages of 
developing a web-based training program for S&MA 
professionals that will pool resources from multiple pro-
fessional organizations and Government agencies. The 
S&MA virtual classroom will host online training classes 
in a variety of the S&MA disciplines, capture guest lec-
tures, and offer professional certifications that are miss-
ing from our industry.

1. APT SEAC

In 2004, the Safety Engineering 
and Analysis Center (SEAC) 
was formed as a division of A-
P-T Research, Inc. As an APT 
Division, the SEAC supports 
all aspects of safety engineering 
with emphasis on three overlap-
ping disciplines: System Safety, 
Range Safety, and Explosives 
Safety. Each of these three dis-

ciplines contains elements that are unique to it alone. 
Each also has elements that are common among the oth-
ers, including risk management and risk assessment.

The mission of the SEAC focuses on the proper practice of 
safety engineering. In support of the mission, SEAC per-
sonnel provide analytical services, prepare special analy-
ses including quantitative risk assessments, develop new 
methods, draft safety engineering standards, build software 
models, conduct safety training, serve as expert witnesses, 
participate in special studies, support accident investiga-
tions, perform third-party reviews, and conduct testing.

The SEAC is a collaboration of experienced practitio-
ners and has attracted distinguished and experienced 
members of the S&MA community who have a desire 
to mentor the next generation of safety professionals. 
One of these members is the late Pat Clemons. Pat was 
widely recognized as a mentor of system safety and 
brought the insight of over 50 years of experience. Prior 
to joining APT Pat had trained over 2000 safety practi-
tioners and assembled the first training classes offered  
by APT.

1.1 APT Continuing Education and Training  
 Division

As a division of the SEAC the APT Continuing Educa-
tion & Training Division (CE/T) supports the mission of 
the SEAC by providing both internal and external train-
ing to the S&MA community.

Each year APT trains a wide variety of S&MA profes-
sionals on topics such as system safety, software safety, 
explosive safety, and site planning software. Conducting 
training for more than 250 safety professionals annually. 
Safety practitioners from the Army, Air Force, Navy, Na-
tional Aeronautics and Space Administration (NASA) as 
well as others from industry and internationally regularly 
take APT CE/T courses.

2. THE CHANGING OF THE TIMES

In the past government organizations developed S&MA 
training programs. In the 70’s and 80’s over 200 people 
went to the US Army Intern training program, many of 
which went on to careers in DoD and NASA. As time 
went on these types of formal training programs slowly 
evaporated from industry. Although, higher education 
attempted to duplicate these types of training programs 
for industry in the form of professional and continuing 
education it soon found that the audience for these types 
of programs was so vast that they soon found these types 
of programs unprofitable and ultimately these programs 
would also disappear from the list of options.
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3. THE ADVANTAGE

Professional and Continuing Education has always been 
a pursuit of both individuals and corporate initiatives. 
The approach to Professional and Continuing Education 
should not be taken as a singular experience but rather as 
a career long practice. The benefits have been studied at 
length and result in increased cognitive abilities, spark 
interest and new methodology, and a curiosity to contin-
ue to learn more. There is also evidence that suggest that 
there is a positive correlation between effective training 
and an increase in effective teamwork [1].

4. DEVELOPING PEOPLE, NOT COURSES

One of the most important aspects that should be consid-
ered is that our mission should be to develop people, not 
courses. The systems that S&MA professionals work on 
in this day and age can change rapidly. Looking closely 
at the evolution of NASA in recent years this is extremely 
evident. During the 80’s and 90’s NASA space travel was 
conducted by the shuttle. NASA’s S&MA professionals 
only had a need to be concerned with a single system 
and the familiarity of the system was an advantage to the 
S&MA community. The day-to-day operations were fa-
miliar and it wasn’t uncommon to find engineers or safety 
professionals that may have up to 20 years of experience 
on the same system.

This is no longer the case. Today, these systems are de-
signed by multiple commercial companies including, but 
not limited to, Blue Origin, Sierra Nevada Corporation, 
Space Exploration Technologies (Space-X), and The 
Boeing Company. Even the systems within a commercial 
company are not fixed. Space-X for example utilizes sev-
eral orbital launch vehicles including Falcon 1, Falcon 9, 
and the Falcon Heavy, some of which come in a variety 
of configurations.

In a report [2] published by the National Transportation 
Safety Board (NTSB) it was determined that failing to 
consider the possibility that the test pilot had the ability 
to unlock the feather early, a single point human error, 
ultimately resulted in the break-up of the vehicle. NTSB 
also determined that the test pilots were poorly trained 
and did not fully comprehend the risks of unlocking the 
feather early. Although, the issue was well known by 
designers the operators (pilots) were lacking the prop-
er training and knowledge needed to safely operate the 
system, no doubt attributed to the unfamiliarity with the 
system itself.

Developing the S&MA community to be adaptable to 
multiple systems means giving them the professional 

training that they need and making this training acces-
sible to them on as as-needed basis. By taking this ap-
proach it is more likely that our S&MA professionals 
will have the correct solution at the critical time. Result-
ing in an overall reduction to the risk imposed to both 
life and mission that our community works to improve 
on a daily basis.

5. THE WAY WE LEARN

It is undisputed that our universities and colleges have 
developed students utilizing a structure of curriculum 
based learning since the inception of formal education. 
With the evolution of technology, society has changed 
the way learning and information transfer occurs. Un-
derstanding that our employees and our professional 
community has changed is of upmost importance as we 
seek to design a new learning environment for profes-
sional and continuing education that will provide our 
employees and ultimately our discipline with the maxi-
mum benefit.

As a society we have become more focused on informa-
tion seeking than retaining information. This really is an 
evolution of the way we operate in our work environ-
ments as well. There is constantly an influx of tools and 
information. Whether they are software tools, hardware 
tools, or even instructional manuals and knowing how to 
use these can provide a variety of benefits. However, we 
must educate the community on the proper way to use 
them. Software tools can provide advantages by giving 
quick analysis answers, but if the community using them 
doesn’t understand the way they work they can also pro-
vide detrimental outcomes when used inadequately.

There is no other sector of the population for which this 
is more applicable to than the millennials, usually de-
scribed as the generation born between the early 80’s 
and the 2000’s. The largest sector of this group, those 23 
years old, were influenced by the internet during their 
formative years and it is no surprise that if you ask a 
millennial a question they don’t know the answer to and 
they are likely to respond with: “Let me google that for 
you”. They use tools like Google, Wikipedia, and You-
Tube to find quick answers to questions. They’ve grown 
accustomed to instantaneous connection and nearly im-
mediate responses. In the workplace, they expect the 
same environment. They want to be able to ask ques-
tions and get training and career advice all the time, on 
demand. By 2025 they will make up 75% of the work-
force so it is important that we take their influence into 
account as we develop training they will be engaged in 
and benefit from, focusing more on a spirit of informa-
tion seeking vs. banking knowledge.
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6. CONTENT

The APT S&MA classroom will focus on developing 
online training courses, capturing guest lectures from 
S&MA subject matter experts, and providing discussion 
boards for collaboration. The online classroom embraces 
the spirit of an information seeking user and will enable 
students to develop their own curriculum specific to the 
issues and topics that are most applicable to both their 
professional and personnel goals. The online classroom 
will be available 24/7 and have a fully functional search-
able catalogue enabling students to quickly find the top-
ics that are of need/interest.

Although the content may be expanded in the future, the 
initial focus of the classroom will be to provide content 
on the following subject matters.

• System Safety
• Quality Engineering
• Reliability and Maintainability
• Operational Safety
• Software Assurance
• Aviation/Range Safety
• S&MA Managerial and Leadership

The technical subject matter closely resembles the struc-
ture of NASA’s Safety and Mission Assurance Techni-
cal Excellence Program (STEP) developed by the NASA 
Safety Center (NSC). STEP is one of the first compre-
hensive training programs that has been developed to ad-
dress the needs of the S&MA community. The success of 
this program within the NASA community lays a founda-
tion for the future success of the APT S&MA classroom 
that will be accessible to an international audience.

In addition to the topics presented above the online class-
room intends to have other resources such as:

• Case Studies
• Guest Lectures
• Discussion Forum
• Resource Library

7. GETTING INVOLVED

The APT S&MA classroom will not be a success without 
the support of the S&MA community. There is already a 
vast database of material available to those in our com-
munity and APT would like to invite professional soci-
eties, organizations or individuals who have content to 
collaborate on this effort. Those organizations who have 
a desire to participate in the advancement of the disci-
pline and the development of the APT S&MA classroom 
should provide contact information to training@apt-re-
search.com.
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1. INTRODUCTION

The practical uses of satellites has grown over the past 
half century. Such use was demonstrated with the de-
ployment of telecommunications satellites, which now 
include broadcasting satellites, mobile communications 
satellites, search and rescue, and data relay satellites. 
Shortly after the first communications satellites were de-
ployed and proved to be commercially viable other ap-
plications quickly followed. Next came, remote sensing 
satellites, weather satellites, and then navigation and tim-
ing satellites. Nor has this chain of space development 
come close to ending.

We may soon have operational systems for robotic re-
pair and refueling of satellites, solar power satellites, as 
well as increasingly sophisticated satellites for various 
types of defense and security operations. But something 
entirely new is also now on the horizon for space applica-
tions and instead of operation in Earth orbits these sys-
tems may seek to operate in deep space. The next major 
commercial space application may redefine the future 
of space activities to include major off world activities. 
This new activity would constitute a serious attempt to 
reclaim natural resources from space, or quite simply, to 
engage in space mining. Some of those engaged in this 
activity also envision processing of materials in space 
and even space manufacturing. Such deep space opera-
tions may not only involve a new range of deep space 
technologies, smart robotics, autonomous operations, in-
dependently operated power supplies and space systems, 
but also completely new challenges in terms of space 
safety systems as well as new types of standards and ap-
proaches to space safety for deep space operations, where 
immediate Earth-based response systems may simply not 
be available.

There are at least four “space mining” companies that 
are seeking to implement space mining explorations and 
develop the deep space tools needed to undertake such 
future operations. This suggests that space mining is no 
longer an issue for the longer-term future, but a real for 

today’s regulators. Deep Space Industries (DSI), Moon 
Express, Planetary Resources Inc., and Shackleton En-
ergy Corporation - each with a different set of strategic 
plans - are primarily focused on developing the key tech-
nologies and developing target locations for their future 
operations. Yet each of these entities - all with a U.S. base 
of operations - also recognize that there are regulatory 
issues and safety standards questions that also must be 
addressed. This is why they actively supported new U.S. 
legislation that has sought to define the process whereby 
space mining might be undertaken and the development 
of a new U.S. law that would define how space mining 
might be conducted. This initiative at the national regu-
latory level to create new national law to cover future 
space-based mining operations as well as possible space-
based processing and manufacturing have now started to 
come forward as one possible means to cope with the 
“regulatory gap” that has now started to become appar-
ent. However, national space mining operations must 
also be conducted in accordance with the provisions of 
the currently applicable UN space treaties.

2. ADEQUACY OF INTERNATIONAL  
 TREATIES ON SPACE FOR NEEDS  
 RELATED TO SPACE MINING?

In addition to the regulatory system created by the Outer 
Space Treaty,1 four other associated international trea-
ties,2 provide good governance foundation, but would 
also prove inadequate, to providing for an effective in-
ternational safety regulatory environment and “rules of 
the road” that are fully responsive to the needs related to 
space mining operations. Particularly from the perspec-
tive of responsibility for safety in space mining, there are 
two issues that need to be addressed. Firstly, who is en-
titled to exploit space resources and secondly what and 
by whom space safety standards and procedures should 
be adopted and implemented? 

Under international space law, all States are free to ex-
plore and use outer space, including the moon and other 
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celestial bodies, without discrimination of any kind, on 
a basis of equality and in accordance with internation-
al law.3 Such freedom covers exploitation of space re-
sources but does not extend to non-governmental entities 
(private corporations), which must carry out their space 
activities only pursuant to “authorization and continuing 
supervision” by their respective States. Therefore, States 
decide who, within their jurisdictions, should be allowed 
to carry out space mining operations and under what 
terms and conditions. Some of the standard conditions 
that are generally imposed are the requirements for com-
pliance by the licensees with: (a) the international obliga-
tions of the respective States and their national security 
or foreign policy interests and (b) the safety standards as 
determined by the concerned States. Safety standards are 
imposed to protect public health and safety, and safety 
of property, or to implement international obligations. 
Moreover, imposition of safety standards is generally 
accompanied with the requirement of procurement of 
liability insurance to cover claims against government 
property damage and third party death, bodily injury, 
or property damage. Internationally, it is the launching 
State4 that is liable for damage caused by space object of 
its private licensees, irrespective of the fact that the dam-
age occurred in air space or in outer space, on the moon 
and other celestial bodies, including asteroids.5

States may undertake space mining operations on their 
own, allow their private companies to carry out such 
activities or participate in the space mining operations 
of international organization(s). However, in latter case 
the responsibility for adoption of and compliance with 
safety standards would be borne both by the international 
organization(s) and by the States participating in such 
organization(s).6 Similarly, if two or more States jointly 
undertake space mining activities,7 each State will be 
expected to adopt and impose space mining safety stan-
dards and procedures. Moreover, in order to avoid acci-
dents, damage to property, death of and injury to humans, 
Earth and space environment damage, it would be im-
perative to adopt and implement complementary national 
and international space mining safety standards and pro-
cedures. Currently, there are no international safety stan-
dards and procedures for space mining. 
 

3. THE U.S. SPACE RESOURCE  
 EXPLORATION AND UTILIZATION ACT  
 OF 2015 (SREU). 

On 25th November 2015, the U.S. President Barack 
Obama signed the “Space Resource Exploration and Uti-
lization Act of 2015” which is Title IV of the U.S. Com-
mercial Space Launch Competitiveness Act (Space Act 
of 2015).8 The Space Act of 2015 contains four formal 

parts designed to: (i) promote commercial space trans-
portation and provide increased indemnification for space 
flight participants; (ii) deal with commercial remote sens-
ing statutory particularly the updating of licensing of pri-
vate remote sensing space systems; (iii) cover issues such 
as reporting requirements to Congress, the creation of a 
new Office of Space Commerce, and guidance to four 
key Departments of the US Government in the Space 
Arena namely Dept. of Defense, Dept. of Transportation, 
NASA, and the Department of Commerce; and (iv) ad-
dress the legislative issues related to space mining (i.e. 
SREU Act). 

The overall broad purpose of the new legislation is essen-
tially to promote new space commercial transportation 
systems as well as “promote the right of United States 
citizens to engage in commercial exploration for and 
commercial recovery of space resources free from harm-
ful interference, in accordance with the international ob-
ligations of the United States and subject to authorization 
and continuing supervision by the Federal Government.”9 
 
This national legislation, which is the first of its kind in 
the world, expresses the right of the U.S. government to 
“entitle an American company to possess, own, trans-
port, use, and sell the space resources obtained through 
its commercial undertakings”.10 This legislative initiative 
has attracted unprecedented appreciation, primarily from 
the American private space sector, but has also aroused 
concerns11 about the potential violation of the U.S. inter-
national obligations as well as possible safety risks such 
operations might pose. 

It should be noted that the above-mentioned right of the 
private companies shall be granted only “in accordance 
with applicable law, including the international obli-
gations of the United States.”12 This implies that there 
should be national law in the U.S. under which licenses 
for space mining can be issued. At present, no such law 
exists, though it has recently been reported that Rep. Jim 
Bridenstine (R-OK), is drafting a legislation “regarding 
property rights to resources mined from asteroids by U.S. 
companies.”13 Secondly, there is no clear official state-
ment on the U.S. international obligations with respect 
to space mining. Thus one cannot determine precisely 
whether or not the SREU Act is in violation of the in-
ternational obligations of the U.S. Such proclamation 
may be spelled out in a Report which the U.S. President 
is required and expected to submit to the U.S. Congress 
within 180 days of the adoption of the SREU Act; i.e. 
from 25 November 2015.14 Though the U.S. is obliged to 
interpret and comply with its treaty obligations in good 
faith,15 merely having a national law which is inconsis-
tent with such obligation is not a violation of its interna-
tional obligations. According to Ian Brownlie, “a breach 
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[of an international obligation] arises only when the State 
concerned fails to observe its obligations on a specific oc-
casion.”16 Therefore, if and when properly licensed U.S. 
private companies are engaged in space mining, which is 
determined to be contrary to the provisions of applicable 
international treaties, only then the U.S. would be con-
sidered in breach of its international obligations. 
 
Article II of the Outer Space Treaty declares that “Outer 
space, including the moon and other celestial bodies, is 
not subject to national appropriation by claim of sover-
eignty, by means of use or occupation, or by any other 
means.” This prohibition is considered to be strict and 
comprehensive covering appropriation by States, public 
and private companies and individuals. It is well known 
that the U.S. has been of the opinion that in accordance 
with this Article no State or individual or private com-
pany can validly claim sovereignty over or ownership 
of outer space and any celestial body, including aster-
oids. However, with respect to the ownership of natural 
resources of celestial bodies, there has been two differ-
ent views internationally. The U.S. appears to be of the 
opinion that the legal status of natural resources of ce-
lestial bodies is different from that of their surfaces, thus 
natural resources can be appropriated. This is reflected, 
at least impliedly, by the provisions of the newly adopt-
ed SREU Act of 2015. On the other hand, several States 
and legal scholars have been expressing that Article II 
prohibits both the surfaces and the natural resources of 
all celestial bodies, including the moon and asteroids. 
The latter opinion appears to be more logical when one 
reads the provisions of the Outer Space Treaty by us-
ing established rules of treaty interpretations.17 In this 
regard, Lyall and Larsen express more respective and 
well-established view: 

It is argued that the terms of Art. II of the [Out-
er Space Treat] prohibit only claims by states, 
therefore leaving open the possibility of a claim 
by an individual, and that such a claim creates 
a title which can then be passed on to a pur-
chaser. We disagree. A valid right of property to 
immoveable estate can exist only with a legal 
system established by a state and in relation to 
property over which the state has sovereignty. 
Since state claims to sovereignty in space can-
not exist, neither can title to immoveable prop-
erty on celestial bodies in space.18

Moreover, the intention of the Outer Space Treaty is un-
doubtedly to expand the benefits of all forms of space 
exploration and utilization. Therefore, when Article II is 
interpreted in the light of other provisions of the Treaty, 
it becomes clear that prohibition of appropriation is nec-
essary to allow the conduct of “exploration and use of 

outer space, including the moon and other celestial bod-
ies……. for the benefit and in the interests of all coun-
tries, irrespective of their degree of economic or scien-
tific development.”19 The Treaty establishes ‘balance of 
interests’ of all States. At the time of ratifying the Outer 
Space Treaty, the U.S. did not deny the requirement of 
sharing of space benefits, though it reserved the right to 
how to share these benefits.20 Briefly, inclusive interests 
of States should prevail over the exclusive interests of 
some States and their respective private companies. 

However, it can be said that currently there exists some 
ambiguity on the question of ownership of the resources 
extracted during space mining. The future of smooth and 
controversy-free conduct of space mining operations 
will depend upon a satisfactory answer to this question: 
What are potentially positive global benefits space min-
ing that might be derived and equitably shared through 
future regulation? 

One option to address the issue of uniform interna-
tional regulatory system for space mining could be that 
all States should ratify by the Moon Agreement, which 
provides for phased development of global governance 
system as exploration and exploitation progress, allows 
expressly some appropriation of extracted natural re-
sources, attempts to prevent celestial bodies from becom-
ing an area of international conflict, expands the provi-
sions for exploration and exploitation of celestial bodies 
exclusively for peaceful purposes, establishes the rule for 
help during emergency for humanitarian purposes, envi-
sions equitable sharing of benefits derived from space 
natural resources, etc. The second option may be, though 
not exclusive of the first option, to create an international 
public-private consortium modelled on the original IN-
TELSAT. For this purpose, the U.S. may adopt a national 
law, similar to the COMSAT Act of 1963, inviting other 
States to join such organisation. The U.S. private com-
panies possessing significant financial and technological 
resources would be able to play dominant role in the de-
velopment of the required technologies, organizational 
structure and business operations, safety standards and 
procedures, and to reap substantial benefits from space 
mining. It is believed that this approach will help elimi-
nating, or at least minimizing international political ten-
sions that are arising due to the adoption of the SREU Act 
of 2015, which is perceived to be a unilateral attempt to 
appropriate the celestial bodies. 

The SREU Act of 2015 introduces an important distinc-
tion between ‘asteroid resource’ and ‘space resource’. 
While the term ‘asteroid resource’ means a space resource 
found on or within a single asteroid, the term ‘space re-
source’ on the other hand means an abiotic resource 
in situ in outer space, including water and minerals.21  
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Their status is not fully spelled out in the Act. It should 
be noted that under the international space treaties there 
is no clear definition of “celestial bodies” and the Moon 
is undoubtedly a celestial body. The question is wheth-
er asteroids are celestial bodies, and if yes, what size, 
weight and nature of asteroids or meteorite will be used 
to determine their legal status. Tons of “star dust” falls 
to Earth every week and there are billions of asteroids, 
bolides, meteorites, micrometeorites. No one knows at 
what level something becomes a “celestial body”. In 
other words, the definitions used in the SREU Act of 
2015 need to be assessed with their compatibility with 
those in the international space treaties, particularly the 
Outer Space Treaty. 

Irrespective of the fact that billions (or even trillions) of 
dollars can be earned in profits and the right of States and 
their private companies to own space natural resources 
can be guaranteed, the success of space mining opera-
tions will heavily depend upon the formulation, adoption 
and implementation of safety standards and procedures 
for initiating and pursuing such operations. For this pur-
pose, the most important questions need to be addressed 
include: What would the major safety risks in space 
mining, who and how should safety standards and pro-
cedures be formulated and implemented? What would 
be the legal consequences for non-compliance with such 
standards and procedures? 

4. TECHNICAL CHALLENGES TO SPACE  
 MINING AND SAFETY STANDARDS

The essential elements for space mining operations in-
clude robotic systems that can carry out the mining op-
erations, a sustaining power source that can allow the 
robotic systems to operate, the sensing ability to locate 
valuable ores, water or minerals on the Moon or aster-
oids for possible recovery, transportation systems to and 
from the sites for the mining operations and to extract 
and process space resources without damaging the space 
and earth environment. The first stage to launching a 
credible effort to engage in space mining is to design, 
build and deploy surveyor probes that can go out at very 
low cost to identify likely sources for space mining and 
to create low cost transportation systems to support this 
effort. It is possible that in the future 3D printing sys-
tems equipped with the right “smart” software, robotic 
capabilities and raw materials could implement the in-
frastructure for an entirely functional space colony or 
other sophisticated tasks. For the nearer term space min-
ing activities, advanced survey and prospecting, low 
cost commercial transportation systems, robotic mining 
systems, and self-sustaining power systems represent 
the true core technologies. 

Clearly space mining to be successful must not only take 
on a wide range of technical challenges and find new so-
lutions but along the way work with safety experts and 
standards organizations (both national and international) 
to ensure that both automated systems and human crewed 
transportation systems and habitats are provided at the 
highest level of safety. There are, unfortunately many 
different types of systems, each with their own unique 
technical, operational and safety challenges and safety. 
Some of these systems include:

(a) Continuity and sustainability of remote electri-
cal power systems,

(b) Low cost and reliable deep space transportation 
systems,

(c) Reliable and precision low thrust maneuverabil-
ity jets,

(d) Remote robotically-controlled drilling and exca-
vation equipment that can be operated with reli-
ably in deep space,

(e) Informational technologies, networking, and 
telecommunications systems that are “smart”, 
efficient, and constantly sustainable, and

(f) Virtually all of these systems will also require a 
high degree of artificial intelligence, particularly 
if these systems are to operate remotely without 
human astronauts and at sufficiently great dis-
tances that tele-robotic systems are infeasible.

What is urgently needed is to adopt safety standards and 
procedures for extracting, processing, storing and using 
space natural resources on the celestial bodies, including 
asteroids, for orderly, safe and sustainable development 
of such resources. The nature of the technical challenges 
significantly increase if there are astronauts and remote 
human technical experts involved in the space mining 
operations. The additional requirements would include 
such features and life support systems for not only oxy-
gen and water supply, but the even greater challenge of 
food and other expendables that humans expect in the 
course of their daily lives. The ability to create off world 
growing of nourishment and material processing to create 
sophisticated products such as television sets, furniture, 
and other items for a remote habitat is clearly some years 
away. Thus it is likely that the first decades of space min-
ing and material processing would be based on automated 
systems. In time, however, there could develop capabili-
ties for remote space colonies that can sustain human life.

5. CONCLUSIONS

With well-funded projects and full determination private 
companies can be expected to develop necessary tech-
nologies and infrastructures required for space mining. 
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However, the success of their operations will depend 
upon appropriate and timely determination of solutions 
to the following issues: 

(a) What are potentially positive global benefits 
space mining that might be derived and equita-
bly shared through future regulation? 

(b) What would the major safety risks in space min-
ing, who and how should safety standards and 
procedures be formulated and implemented? 

(c) What would be the legal consequences for non-
compliance with such standards and procedures? 

 
The adoption of national laws, like the U.S. SREU Act 
of 2015, are the first important steps for initiating gov-
ernance system as they provide national regulatory basis 
for licensing process and continuous supervision of, and 
for imposition of safety standards and procedures upon, 
the space mining activities of private companies. How-
ever, the challenge will be to implement these laws in 
such a way that would not breach international obliga-
tions of the concerned States. Since space mining opera-
tions will be taking place in international environment of 
outer space or on celestial bodies (including asteroids), 
it would seem logical that safety standards and proce-
dures be international and comprehensive in nature and 
scope so that all interests of countries (space faring and 
non-space faring) remain protected. It would also be pru-
dent for these standards and procedures to use common 
metrics and interfaces so that rescue or repair operations 
could be more easily achieved. This is perhaps an areas 
where the IAASS could play a constructive future role.
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ABSTRACT

The activity of debris remediation is essential to assure 
future safe access to space. By preventing the existing on-
orbit debris population from proliferating via collision of 
objects the collision risk to future space systems can be 
moderated to permit everyone to operate reliably in space 
without the disruption of debris impacts. Debris remedia-
tion, in most discussions, is considered synonymous with 
active debris removal (ADR); ADR has been studied by 
many and determined to provide positive ramifications. 

However, by examining debris risk management within 
an operational success framework, other response op-
tions are identified and characterized. The “operational 
success” framework is reviewed and is organized around 
the temporal taxonomy of four phases of activities:

(1) PREPARE: identify, characterize, and predict; 
(2) PLAN: dissuade, deny, and deter; 
(3) ACT (During): interdict, suppress, and mitigate; 

and 
(4) ACT (After): remediate, recover, and reconstitute. 

An alternative definition of debris remediation as derelict 
collision prevention is reviewed and a complete list of 
debris remediation options are presented. Key linkages 
within the newly formulated operational success frame-
work highlight the benefits and limitations of threat 
warning, situational awareness, and asset reconstitution. 
Lastly, the concept of risk transfer is also addressed; 
enhancing success in one area may simply result in the 
transfer of the risk to a different domain. 

1. INTRODUCTION

Modeling has shown that debris mitigation will likely be 
insufficient to control the debris environment long-term; 
debris remediation will also be necessary to assure future 
safe access to space. [1] By preventing the existing on-
orbit debris population from proliferating via collision of 
massive objects, the collision risk to future space systems 
can be moderated to permit everyone to operate reliably 
in space without the disruption of debris impacts. 

Debris remediation, in most discussions, is considered 
synonymous with active debris removal (ADR). While 
ADR has been studied by many and determined to pro-
vide positive ramifications, this paper strives to identify 
other remediation options to complement ADR. First, an 
operational success framework is developed as a way to 
motivate new debris remediation options and to better 
describe how the entire spectrum of modeling, risk com-
munication, warning/monitoring, and operational activi-
ties work together to enhance the two high-level global 
objectives of (1) space flight safety and (2) space sustain-
ability.

2. OPERATIONAL SUCCESS FRAMEWORK

Risk management is often represented as a cyclical spiral 
of action items seemingly focused more on bookkeeping 
than keeping a system or domain safe. [2,3] Embedded in 
this approach are often generic management terms rather 
than mission-specific, people-oriented action words. 

Prescriptive feedback on which techniques are the best 
to enhance success is limited and the circular process 
does not naturally integrate with a domain’s safety which 
evolves over time but focuses on operational deployment. 

Figure 1. Risk management is often represented in a 
continuous circular process. [2]
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Applying positive (i.e., talk about success rather than 
failure) terminology in a linear spectrum may provide 
some benefits. The positive linear construct proposed is 
the operational success framework.

Early in the pursuit of operational success, as we PRE-
PARE, we have many options available and their costs 
are very reasonable. However, as we progress through 
PLANNING for operational success, the options dwindle 
and the costs increase. Further, once the operations begin 
and barriers are introduced (e.g., threats activated) the 
options for how we ACT (During) are even more limited 
and the costs even higher. After the threats have acted on 
our operations and their full effects felt (i.e., ACT (Af-
ter)), there are even fewer options and they will likely be 
increasingly more expensive. 

If we use this construct, the activities earlier in the process 
(e.g., PREPARE and PLAN) are emphasized since they 
are generally more efficient and effective at assuring oper-
ational success. This framework reinforces a very impor-
tant concept of any solution development: without a thor-
ough problem statement any resulting solution will likely 
be unsatisfying. It is the upfront work (i.e., PREPARE and 
PLAN) that enhances operational success with a minimum 
of cost by greatly reducing the need to deploy implementa-
tion countermeasures once the threat (i.e., barrier to suc-
cess) has actually been manifest (i.e., ACT (During) and 
ACT (After)). The best preparation and planning will pre-
vent many barriers from ever being realized as threats.

The PREPARE phase includes three levels of analysis: 
identify, characterize, and predict (in that order).

We must first identify both the barriers to success (i.e., 
threats which may manifest as risks) and enablers for 
success. There are four families of barriers and enablers 
to success: cognitive, mechanical, natural phenomena, 
and manmade threats.

1. Cognitive features include requirements defi-
nition, design, relevancy of testing conditions, 
operator error, deception (by an adversary), de-
cisionmaking/analysis, and concept of opera-
tions (e.g., a decision to operate a satellite until 
the propellant is exhausted will negate the pos-
sibility of an end-of-life maneuver to a graveyard  
orbit).

2. Mechanical features contain material & compo-
nent reliability & availability plus manufacturing 
& integration quality (e.g., a solar array fixture 
may fail on deployment releasing an array as a 
piece of orbital debris).

3. Natural phenomena comprise conditions imposed 
by the natural (i.e., non-manmade) environment 
that might affect the chance of a system’s opera-
tional success (e.g., sensors used to detect nearby 
spacecraft may be degraded due to ultraviolet ra-
diation). 

4. Manmade threats are those activities created by 
an adversary with the sole purpose of preventing 
your operational success. For orbital debris, this 
might include an accidental release of debris due 
to an overcharging of a poorly designed battery 
system.

Taking the time to identify each of these barriers and en-
ablers at this early stage provides an opportunity to com-
pare and contrast these aspects. The comprehensive list 
permits this framework to be used for everything from 
physical systems in harsh environments to organizations 
in complex business ecosystems. This will be important 
as techniques to enhance operational success later are 
considered and prioritized; it allows “racking and stack-
ing” (i.e., prioritizing) of options later. 

Each barrier (and enabler) to success has the following 
dimensions that must be characterized:

Figure 2. The operational success framework follows a linear process. 
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- Effects: type, persistence, and rate (e.g., instan-
taneous, temporary, electronic system upset due 
to electrostatic discharge or permanent, delayed, 
software failure due to ingestion of malware).

- Uncertainty: variability in space and effect due 
to inherent behavior, lack of awareness, or lim-
ited understanding (e.g., average collision risk for 
geostationary spacecraft peaks twice a day but the 
level of risk depends on longitudinal location and 
time of year).

- Predictability: ability to project effects and un-
certainty into the future (e.g., solar activity levels 
are fairly predictable to oscillate in 11-year cycles 
drastically driving the orbital debris collision risk 
in 600-750km altitude regime).

It is important to examine each of these barriers in this 
order: effects, uncertainty, and predictability. It should be 
noted that uncertainty/variability may not be known so an 
average effect may be used. It is also optimal to consider 
how well we can predict effects and uncertainty in the 
future. These are problematic for collisional dynamics in 
LEO as we really have no way of identifying potential col-
lisions more than a few days in advance and so we use the 
average (or statistical) value for most modeling scenarios. 

Enablers are aspects of our efforts that enhance chances 
for operational success often in direct response to identi-
fied barriers. Enablers of success scrutinized during the 
PREPARE step include, but are not limited to: 

(1) mirror the four families of barriers (i.e., cognitive, 
mechanical, natural, and manmade);

(2) a clear definition of success (or failure which is 
simply “1 minus success”); 

(3) requirements that are traceable to the definition of 
success; and

(4) all enabling features are done well or such that 
they increase likelihood of operational success 
(e.g., design and manufacturing standards).

Enablers are quality measures, modeling tools, and warn-
ing systems applied or developed during the PREPARE 
and PLAN phases but become countermeasures and re-
sponse options in the last two ACT (During and After) 
stages.

By including how each of these features interact in the 
PREPARE and PLAN stages, the possible synergistic ef-
fects can be caught early (e.g., if the aspects of the failure 
risk from orbital debris to propellant tanks is shown in 
modeling before launch they may be moved to a trail-
ing edge location or have multi-layer insulation included 
to reduce failure probability). This helps to identify high 
priority components, subsystems, and systems.

While it is important to acknowledge a fairly complete 
suite of barriers, it is not necessary to consider all pos-
sible barriers to operational success. Planning for a di-
verse (though maybe not 100% complete) set of barriers 
will likely be sufficient to posit an effective range of 
planning options to enable operational success against 
a wide range of scenarios. The key is to consider a di-
verse (i.e., coming from different experts, using differ-
ent physical modes, and different rates of execution) set 
of barriers.

It should be noted that the PREPARE and PLAN phases 
are very much related; there is a seamless transition be-
tween the two. The PREPARE stage is more about data 
collection and the PLAN phase is more about data re-
duction and data aggregation. The PREPARE and PLAN 
phases are difficult to separate in reality.

Cognitive Biases
Many of the cognitive barriers to operational success 
addressed during PREPARE activities depend on the 
basic way in which we make decisions on our own and 
as teams. As a result, it is worthy of attention before 
proceeding to the next steps of the operational success 
framework to examine cognitive biases that can lead to 

Figure 3. The PREPARE stage is the most important one in the operational success framework; do not 
try to develop a solution until you understand the problem.
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poor decisionmaking. This is also true in later stages of 
the operational success framework when barriers to suc-
cess start acting on our assets; decisionmaking is even 
more important when under time and operational pres-
sures (i.e., in the “heat of battle”).

My observation is that there are four families of cogni-
tive biases that are neatly divided into two analytical and 
two emotional, as depicted in the upper panel of the fig-
ure on the next page. These four families were developed 
and validated by examining over 60 individual cognitive 
biases: [4]

- Inertia: There is a tendency for people to “move” in 
the same direction (i.e., time, space, and topics);

- Wishful Thinking: Unfounded optimism or pes-
simism drives some people to the wrong decisions 
and assessments;

- Signal-to-Noise Ratio: Often, we cannot see the 
real trends due to distracting data; and 

- Correlation: We sometimes see trends that do not 
exist.

The lower panel of the figure 4 provides a review of 
the families of cognitive biases and five ways to protect 
against these intellectual parasites. 

The defenses range from simple advice such as aware-
ness and keeping fresh, all the way to specific calls for 
including more people (i.e., embrace cognitive diversity) 
and multiple reviews or even using documented rules and 
checklists. In summary, these defenses provide means to 
reduce the chances of being steered astray by faulty logic 
and mis-directed insight.

PLAN and Beyond
The next three phases provide a tiered response to bar-
riers to operational success that depend on a complete, 
coherent, and compelling representation of the factors 
identified in the PREPARE stage.

PLAN: Before barriers to success (i.e., threats) become 
realized as risks, there are opportunities to increase op-
erational success by combating them by:

Dissuade/Defend: create your asset to be able to absorb 
the effects of the barriers to success (e.g., have redundant 
subsystems/components for your system to minimize the 
effects of orbital debris). Do not try to avoid the threat 
(i.e., change the altitude of your mission), just build your 
system to deal with it. We dissuade with defense. [5]

Deny: change the operations of the system to avoid the 
threat (e.g., move your satellite to a higher altitude to 
avoid higher debris flux, as OneWeb did in their selection 

of their 1200km altitude) or even move a subsystem to a 
different location on a space platform to avoid a threat 
(e.g., move a processor for attitude and control system to 
behind a battery pack to use battery’s mass as expedient 
shielding from potentially disruptive debris impact).

Deter: This dimension usually implies the involvement 
of a human who you can convince to not mobilize their 
threat against you if they feel that they will not be able to 
achieve their desired results because of your preparation 
and planning; deter by fear of reprisal and response (i.e., 
offense). [6] In a military sense, the effectiveness of de-
terrence is based on perceived response being (1) certain, 
(2) timely, and (3) overwhelming. [7]

ACT (During): There are three key activities that en-
compass means to respond to barriers to operational suc-
cess that are realized (i.e., threats become risks). These 
opportunities to ensure operational success at this stage 
include:

Interdict: Once the potential barrier to success has been 
put into play you can actively try to thwart the effect of the 
threat (e.g., once a solar array has been struck once by de-
bris you may orient the spacecraft to minimize debris im-
pacts for the remaining array). In a classical force protec-
tion situation, this includes your security forces attempting 
to repel or kill individuals that are attacking your site.  

Figure 4. Identifying and combating cognitive biases is 
critical to the process of enhancing operational success.
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Just mobilizing forces may be sufficient to equalize the 
barrier to your operational success (e.g., while debris can-
not react to our actions, the act of making satellites more 
resilient to space debris, and all kinetic threats, may make 
an adversary less likely to target our satellites). Consider-
ation of the speed of interdiction relative to the speed of 
threat execution (i.e., “response physics”) is paramount; 
the faster the threat executes relative to your response op-
tions, the more important warning is to the overall calcu-
lus of efficient operational success.

Suppress/Mitigate: However, you may only be able to 
minimize the effects of the event (e.g., shielding does 
not prevent debris from striking your satellite but it does 
reduce the potential that your mission will be adversely 
affected). The result from this option may be instanta-
neous or take hours to days to act. Suppress and mitigate 
are included in the same activity as they have similar 
effects but are traditionally used in specific domains 
(e.g., mitigation for orbital debris and suppression for 
firefighting). 

The enablers to operational success (i.e., countermea-
sures to barriers or threats) may transition from mitiga-
tion/suppression into remediation-type activities once the 
barrier or threat has executed and is not being continually 
fueled or powered in any way (e.g., once a debris strike 
has occurred you transition into ACT (After) activities 
such as remediation, recovery, and reconstitution).

ACT (After): Again, the three terms for potential ACT 
(After) activities may not represent three distinct re-
sponses; it is more about terminology that spans many 
domains or scenarios comprehensively.

Remediate: When you prevent the deployed threat from 
affecting your mission by acting on it (i.e., the threat) is 
considered remediation. Remediation activities are insti-
tuted which may include encapsulation, prevention, or 

removal. This is any activity to alleviate the effects from 
an already executed barrier to success (i.e., a threat); de-
bris remediation via active debris removal is reacting to 
the abandonment of massive spacecraft in orbit by deor-
biting them.

Recover: If the barrier to success (e.g., a solar flare has 
destroyed a redundant path for your attitude and control 
system) has made you susceptible to future incursions or 
unable to safely operate then making your home secure 
again is recovery (e.g., reconfiguring your power distri-
bution to reduce the importance of that lost redundant 
path in case your attitude and control system is struck 
by debris).

Reconstitution: In this last analogy, replacing your failed 
redundant path is considered reconstitution (i.e., you 
have put your asset back to its original state). For or-
bital concerns this issue is much more problematic. The 
reconstitution of a redundant path may be impossible 
or the reconstitution of a constellation of satellites may 
take a long time due to launch delays and lack of inven-
tory of satellites to replace destroyed ones. Alternatively, 
on-orbit spares provide a potentially responsive, though 
possibly expensive, means to reconstitute. Lastly, you 
may just reconstitute the capability in a consistent way 
but not exactly. For example, if a solar array is lost due 
to a debris impact, in addition to changing the orienta-
tion of the array (as mentioned earlier), we may also op-
erate only half of the payload instruments to avoid the 
potential of depleting the battery packs too much during 
operations.

Monitoring and Warning
During the linear operational success timeline there are 
two overarching, and inter-related, activities that provide 
valuable contributions: (1) success monitoring/predict-
ing & risk/response interactions; and (2) interplay be-
tween warning systems & “response physics.” 

Figure 5. The full operational success framework has four phases with clear options in each.
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First, there is a need to continually monitor and predict 
operational success as a measure of effectiveness of 
the team’s/industry’s efforts (from PLAN through ACT 
phases). This is facilitated by an ongoing set of inter-
actions which include communications (e.g., sharing 
information on precursors and indicators of barriers to 
operational success becoming realized and messaging to 
adversaries and stakeholders about countermeasures in 
place) and transfer of assets from one activity to the next 
(i.e., resources that transition from planning to interdic-
tion or remediation). In the mission assurance capacity 
this is represented by a series of reviews and audits. Risk 
communications is an art of its own, with the U.S. En-
vironmental Protection Agency (EPA) having developed 
best practices that can be leveraged. [11]

Second, the relationship between warning systems and 
response physics is important to consider. The rate at 
which barriers/enablers to success act and react relative 
to each other (e.g., such as how quickly can a satellite 
operator assess the cause of subsystem failure in order to 
determine the next best action) will drive the relative in-
vestments between PREPARE, PLAN, and ACT phases. 

This interplay is important to understand and track. 
Warning systems defined and established during the 

PREPARE and PLAN phases may improve the responses 
to enhance operational success once the risk has been 
manifested (e.g., ACT (During and After)) by providing 
information on the existence, location, movement, and 
extent of the risk. 

The ability to leverage warning depends on “response 
physics”: how quickly do cognitive, natural, mechani-
cal, and manmade threats act relative to warning system 
capabilities and response options (i.e., countermeasures 
or enablers you have available). For example, once de-
bris flux has reached a certain intensity for a given alti-
tude, only certain countermeasures will be effective or 
efficient. Proper warning will not only provide insight 
into how or who generated the debris but also what sort 
of response is required (e.g., do not want to move your 
satellite to a higher orbit if the debris is being generated 
from that higher altitude.) 

Some catastrophes are easily handled if caught early – 
forest fires and anthrax. Other events, exemplified by in-
fluenza, are more cost-effective to respond to after they 
have been realized with simple response options (e.g., 
flu shots and hand washing) rather than costly warning 
capabilities. 

Figure 7. The operational success framework leverages success monitoring & predicting and risk & response interac-
tions plus the interplay between warning systems and response physics.

Journal of Space Safety Engineering – Vol. 3  No. 2 - September 2016

78

International Association for the Advancement of Space Safety



Historically, orbital debris risk management generally 
has focused more on enhanced response than enhanced 
warning. However, current active collision avoidance 
warnings/maneuvers and the proposed massive collision 
warning monitoring activity (proposed later in this paper) 
lean more towards the warning end of the spectrum.

The operational success framework has similar charac-
teristics to the SCRUM or Agile software product devel-
opment methodology to include cross-functional teams 
working in overlapping phases to enhance flexibility and 
effectiveness of final solution with a focus on monitoring 
and communications with stakeholders to produce the 
desired results efficiently and effectively. [12]

3. OPERATIONAL SUCCESS FRAMEWORK  
 APPLIED TO ORBITAL DEBRIS

Now that we have established a new framework for en-
suring operational success, let’s apply it to the orbital de-
bris problem. 

PREPARATION started in the 1970’s as Don Kessler and 
Burton Cour-Palais first identified the fact that Delta sec-
ond stages were exploding in space. Debris can be con-
sidered an unintentional manmade barrier to operational 
success. 

As shown in the table below, two separate but related 
success domains are considered: space flight safety and 
space sustainability. The identification, characterization, 

and prediction activities have been gaining momentum 
ever since orbital debris was “discovered” in the 1970’s. 
However, predictability is still problematic. There are 
sound statistical algorithms for calculating average col-
lision probability (for an individual object) and collision 
rates (between sets of objects), however, there have not 
been sufficient events to be able to accurately describe 
the distribution of collision events about the likely mean 
values. 

More specifically, on average, there is a one in five chance 
each year that any two cataloged objects will collide but 
we do not know which ones. This ambiguity makes it 
impossible to discern the consequence of such a collision 
and assuming an “average” event is even more distress-
ing and limiting as we have had only one catastrophic 
collision in space between two cataloged objects; what 
is average? 

In our analysis, we propose that it is best to examine the 
collision events that are the most impactful (i.e., have 
the greatest consequence) and then try to determine their 
likelihood more accurately (i.e., enhance predictability) 
to better combat deterioration of our operational success 
domains. The table below provides a high level examina-
tion of the barriers to success for both space flight safety 
and space sustainability.

Debris mitigation guidelines developed in the 1990’s and 
refined/applied since represent the PREPARE and PLAN 
phases. However, when we turn our efforts to dealing 
with derelict hardware already left in orbit (i.e., debris 

Table 1. Classes of problems to handle with debris remediation have significant overlap.
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remediation) it involves the ACT phases. ACT (During) 
is for intact derelicts removed via active debris removal 
while ACT (After) represents options available to man-
age the collision risk once the derelict has fragmented. 

As stated in the operational success framework, as we 
move further along the continuum, the options are usual-
ly less appealing (i.e., expensive, inconvenient, etc.) and 
less effective. This is indeed true in the case of orbital 
debris as the concept of sweeping up hundreds or thou-
sands of lethal nontrackable (LNT) fragments has proven 
very difficult to even conceptualize an effective method. 
Sweeping up many LNT fragments has been shown to 
be much more difficult than dealing with the intact der-
elict such as through active debris removal. Indeed, the 
prevention of massive-on-massive collisions is the most 
important single type of event to prevent.

The common theme up to this point in dealing with pre-
venting future collisions as an enabler to space sustain-
ability (i.e., prevent a cascading of collisions in Earth 
orbit) has been to mainly consider only active debris re-
moval. However, further investigation has identified the 
potential for a variety of other remediation approaches 
to include:

- Just-in-Time Collision Avoidance (JCA): nudge 
one of two derelicts out of harm’s way just before 
(hours to days) a collision is predicted to occur 
providing a potentially cost-effective, responsive 
means to prevent massive derelicts from collid-
ing. [13,14] JCA will require enhanced positional 
awareness of derelict objects than we do now and 
to establish go/no-go criteria similar as to currently 
exercised with Conjunction Data Messages for op-
erational spacecraft.

- Salvage: collect derelict and repurpose them as an 
alternative spacecraft or as spare parts. [15,16]

- Consume: convert derelict hardware into fuel by a 
device that in turn powers the move of the device 
to the next derelict object (and so on). [17]

- Disintegrate: apply some external chemical/phys-
ical catalyst to derelict hardware to disintegrate it 
quickly into sizes smaller than will pose a hazard 
to other spacecraft. This new concept was inspired 
by the intellectual exercise provided by the opera-
tional success framework and dialogue with a di-
verse set of people.

These remediation options along with debris mitigation 
and active collision avoidance, are included in Figure 9 
to summarize all debris management options to enhance 
the operational success for both space flight safety and 
space sustainability. The lower half of the figure repre-
sents debris remediation options which are most accu-
rately depicted as derelict collision prevention. The new 
options to eliminate derelicts in situ clearly are just con-
cepts at this point but as a community we must continue 
to examine new ways to improve the likelihood that we 
can assure space flight safety and space sustainability.

Risk Transfer
It should be noted that while we are striving to enhance 
operational success in space (i.e., space flight safety and 
space sustainability) some of our options may actually 
transfer the hazard to another domain. For example, ADR 
will permanently eliminate the potential of a derelict 
from colliding with another object in space but its reen-
try poses a hazard to assets on the ground. In essence, 
by enhancing the operational success of space systems 
we may transfer the barrier to operational success (i.e., 
threat) to ground assets.

Figure 8. Orbital debris management is fairly mature with a variety of activities in debris mitigation and remediation 
spanning the entire operational success continuum.
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4. CONCLUSIONS

In closing, this paper introduced three concepts: (1) ex-
amine debris management options through development 
of the operational success framework; and (2) consider 
debris remediation as derelict collision prevention, not 
just ADR, and (3) contribute new potential remediation 
options. 

The operational success framework is linear, reinforcing, 
action-oriented, and traceable to the key objectives (e.g., 
space flight safety and space sustainability). Looking at 
the area of debris remediation in a more inclusive way 
reinforced the concept of JCA that has the potential of 
assuring space flight safety and space sustainability as an 
adjunct to ADR. This observation is not new but may be 
more coherent from the basis of our operational success 
framework. In addition, some new ideas have been added 
to the overall suite of derelict collision prevention op-
tions as ACT (During) activities that should be examined 
more closely.

Similarly, Swiss Re (a worldwide reinsurer) summarizes 
approaches to maintain safety in any domain as (1) avoid, 
(2) manage, and (3) embrace (i.e., operate-through). [18] 

Further, this treatise summarizes means to create resil-
iency through the following activities:

- Learn better and more;
- Refine ability to judge difficulty of a task; 
- Leverage experience; and
- Garner relevant knowledge to apply to extreme 

situations.

This source and perspective provide a complimentary 
call to arms to the operational success framework.

Lastly, key linkages within the operational success pro-
cess highlight the benefits and limitations of threat warn-
ing, situational awareness, and asset reconstitution. The 
difference between JCA and ADR is largely a realization 
of (1) our inability to predict the most likely “next colli-
sion” between all cataloged objects and (2) the hypoth-
esis that the most impactful collision events may actu-
ally be more likely and more predictable (i.e., derelicts 
in clusters). 

Further Research
As a result, a major area of research being pursued is 
to develop a more deterministic and predictive model 

Figure 9. Derelict collision prevention as a remediation framework contains many more options than just active  
debris removal. [Note: If collisions of massive derelicts are not prevented then the sweeping up of thousands of  

mm-to-cm fragments may have to be considered as yet another “last ditch” debris remediation option,  
a very difficult and expensive recovery option.]
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for collisions within clusters of massive derelicts. This 
has been partially motivated by awareness during the 
PREPARE phase of the operational success framework 
of the current inability to reliably predict future colli-
sions, especially the ones of the greatest consequence. 
A Massive Collision Monitoring Activity (MCMA), 
where large groups of massive objects in very similar 
orbits have their encounter behavior with each other 
monitored constantly, is an important enabler to gain 
this enhanced awareness of cluster dynamics. This ex-
perimental tasking will serve to support/refute hypoth-
eses about these potentially more likely (i.e., greater 
probability than predicted by the kinetic theory of 
gases-inspired algorithm) and more consequential (i.e., 
many more fragments produced) events. The MCMA 
results will be detailed in an upcoming paper. It should 
be noted that another benefit of MCMA will be the op-
portunity to establish and refine go/no-go thresholds for 
JCA operations.
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ABSTRACT

In a period where the evolution of the space environment is 
causing increasing concerns for the future of space exploi-
tation and sustainability, the design-for-demise philosophy 
has gained an increased interest. However, satellites de-
signed for demise still have to survive the space environ-
ment, polluted by space debris, for many years. Within this 
context, we are developing a framework to evaluate the 
effect of preliminary design choices on the survivability 
and on the demisability of a spacecraft configuration. Two 
models are presented to analyze the spacecraft against the 
demisability and the survivability, and two corresponding 
evaluation criteria for the requirements are introduced. 
Considering common spacecraft components such as 
tanks and batteries, a set of maps are presented, which 
shows the variation of the survivability and the demisabil-
ity as function of the component geometry and material. 
Furthermore, a preliminary multi-objective optimization 
is performed to evaluate a simple spacecraft configuration 
and define an optimal design according to the demise and 
the survivability criteria.

NOMENCLATURE

Projected area of the j-th face in the direction of 
the i-th vector flux element

mfin Final mass of the component after re-entry

min Initial mass of the component

Nflux
Number of vector flux element which 
approximate the debris environment

Npanels
Number of panels in which the structure is 
schematized

Pp Penetration probability

t Mission time

ϕc,i
Critical particle flux - flux of particles with a 
diameter bigger than the critical diameter

Subscripts

i Indicates quantities related to a vector flux 
element

j Indicates quantities related to a face of the 
satellite structure
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1. INTRODUCTION

In the context of a sustainable use of the outer space, the 
major space faring nations and international committees 
[1-3] have proposed a series of debris mitigation mea-
sures, including the de-orbiting of spacecraft at the end 
of their operational life. The consequent growth of the 
ground casualty risk associated with the increased fre-
quency of re-entering objects can be limited by design-
ing a spacecraft through a design-for-demise philosophy, 
where most of the spacecraft will not survive the re-entry 
process. Such strategies may favor uncontrolled re-en-
try disposal options over the controlled ones, because a 
spacecraft will be more likely to meet the casualty risk 
requirements. This could make design-for-demise a sim-
pler and cheaper alternative for the disposal of satellites 
at the end of their operational lives [4, 5]. However, a 
spacecraft designed to demise still has to survive for sev-
eral years the space environment, which is populated by a 
large number of space debris and meteoroids. The impact 
with particles even of millimeter in size can be extremely 
dangerous for satellites and compromise their mission [6-
8]. This means that the spacecraft design has also to ful-
fill the requirement on the survivability against on-orbit 
debris impacts. The demisability and the survivability 
are both influenced by a set of common design choices 
such as the outer structure material, the geometry and the 
shape of the structure [4, 9]. Within this context, we de-
veloped two models to assess the demise and the surviv-
ability of a preliminary mission design concept. Two cri-
teria are thus presented to evaluate the degree of demise 
and survivability of a spacecraft configuration against the 
different spacecraft and components design parameters. 
The link between the design parameters and the specific 
spacecraft components such as tanks and battery cells is 
also taken into account. In addition, mission characteris-
tics such as the mission duration and operational orbit are 
considered, with a particular attention towards Earth ob-
servation missions and remote sensing missions. Results 
shows how spacecraft design parameters and mission 
constraints affect the design choices when considering 
the effects on the demise and survivability of a space-
craft. In a preliminary attempt to perform an optimiza-
tion for the selection of the design parameters, the two 
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developed models are used to construct the fitness func-
tions in a multi-objective optimization framework. In this 
way, trade-off solutions that consider both the demise and 
survivability design drivers can be found. As the problem 
is nonlinear and involves the combination of continuous 
variable such as the thickness and the size of the objects 
together with discrete variables like the material type, 
classical derivative based procedures becomes unsuited. 
Thus, a heuristic optimization approach based on genetic 
algorithms was selected. The optimization algorithm 
uses the demise and survivability models and criteria to 
evaluate possible design choices as function of the char-
acteristics of the object. The solutions are presented as a 
Pareto front showing the best non-dominated individuals 
obtained from the evolved initial population.

It is important to consider demisability and survivability 
requirements since the early stage of the mission design 
process [5]. A late analysis of such requirements may 
cause an inadequate integration of these design practice, 
leading to late changes to the mission, which of course 
are more expensive and may cause delay in the mission 
timeline. On the other end, an early consideration of de-
mise and survivability requirements can favor cheaper 
options such as the uncontrolled re-entry of the satellite, 
without losing survivability performance and, thus, mis-
sion reliability.

2. SURVIVABILITY AND DEMISE MODELS

To analyze spacecraft configurations and components 
against the demisability and the survivability require-
ments it is necessary to develop two separate models. 
The first model allows the user to perform a re-entry 
analysis of a simplified representation of a spacecraft and 
to evaluate its demise performance; the second model 
carries out a debris impact analysis and returns the pene-
tration probability of the analyzed structure as a measure 
of its survivability during the mission lifetime. The two 
models are also used to compute the terms that compos-
es the fitness function in a multi-objective optimization 
process. For this reason, throughout their development, 
much effort is made to maintain a comparable level of 
detail and computational time between them. A more de-
tailed description of the model is presented in [10].

2.1 Demise Model

The demise model consists of an object-oriented code 
[11-14]. The main feature of object-oriented codes re-
sides in the fast simulation of the spacecraft re-entry 
using a simplified model of the spacecraft structure; 
this is achieved by reducing the satellite design and its 
components into primitive shapes (e.g. spheres, cubes). 

The re-entry trajectory simulation uses a three degree of 
freedom dynamics where only drag forces are considered 
(i.e. ballistic motion) whereas lift and thrust are neglect-
ed (i.e. uncontrolled re-entry). In doing so, the computa-
tion of the attitude motion of the object is not required, 
but assumed as random tumbling (in the case of the algo-
rithm developed for this work). The adoption of motion 
and shape averaged drag coefficients allows determining 
the pressure forces on each component [12, 15-18]. The 
computation of the thermal load on the components uses 
the Detra-Kemp-Riddel correlation [19, 20] to obtain the 
hypersonic heat rate at each instant of the re-entry and a 
set of motion and shape averaged shape factor to adjust 
the heat load to the specific shape considered [15, 21-24].
The re-entry analysis also requires the knowledge of the 
gravity acceleration and of the Earth’s atmosphere char-
acteristics in order to simulate correctly the descent tra-
jectory. The model of the Earth’s gravitational potential 
is zonal harmonic gravity model up to degree 4 [25]. The 
atmospheric model employed is the 1976 U.S. Standard 
Atmosphere [26], as implemented by the Public Domain 
Aeronautical Software (PDAS) [27].
Another important aspect is the characteristics of the ma-
terial considered. For our purposes, the materials have 
temperature independent properties, which have been ob-
tained from the database of the Debris Assessment Soft-
ware (DAS) [11].
The demise of an object, i.e. its mass loss during the re-
entry, is analyzed with a lumped mass model where the 
temperature of the object remains uniform over the en-
tire volume. After reaching the melting temperature, the 
object starts losing mass at a rate that is proportional to 
the net heat flux on the object and to the heat of fusion. 
Such method is common to most object-oriented destruc-
tive re-entry codes; it is however approximated as it uses 
only the melting temperature as the discriminant for the 
demise process of an object. In fact, some materials such 
as titanium alloys can experience combustion and igni-
tion phenomena when exposed to high heat fluxes of the 
re-entry environment. The oxidation heating of such ma-
terials, which accounts for the exothermic reaction of the 
material at high temperature can be taken into account. 
However, at the current stage of development of the proj-
ect, such aspects have not been considered.

The result of the demise simulation is here expressed in 
terms of an index called Residual Mass Fraction (RMF), 
which is defined as the ratio between the final mass at the 
end of the re-entry and the initial mass of the object as 
Eq. (1) shows.

   
(1)
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2.2 Survivability Model

The survivability model analyzes instead the satellite re-
sistance against the impacts of untraceable space debris 
and meteoroids. The procedure involves representing the 
spacecraft structure with a panelized schematization of its 
shape. To each panel we assign a material selected from a 
predefined library and geometrical properties such as the 
type of shielding, the wall thickness and the failure modal-
ity (i.e. penetration, detached spall and incipient spall are 
possible options). The survivability model uses the same 
geometrical elementary shapes of the demise model to rep-
resent satellite structures, in order to keep the two models 
comparable. Beside the geometrical schematization of the 
satellite, a representation of the space environment is also 
needed. This is obtained using the European Space Agency 
(ESA) state of the art software MASTER-2009 [28] that 
provides a description of the debris environment via flux 
predictions on user defined target orbit. MASTER-2009 
provides the impact fluxes with an impactor diameter be-
tween 0.0001 m and 0.1 m, and a set of 2D and 3D flux 
distributions as a function of the impact azimuth, impact 
elevation, impact velocity, and particle diameter. Then, we 
subdivide the space around the satellite in a set of angular 
sectors and associate to each sector a vector element con-
taining the average of the impact flux, impact direction and 
impact velocity (see Figure 1).

Figure 1. Vector flux elements

The code then uses the vector characteristics of impact 
flux, direction and velocity previously described to com-
pute the critical diameter corresponding to each panel of 
the structure using Ballistic Limit Equations (BLEs).
Once obtained the critical diameter, the corresponding 
critical flux allows computing the penetration probability 
using Poisson statistics (see Eq. (2)). 

  (2)

The penetration probability is computed in this way for 
each vector flux on every panel of the structure and then 
we compute the overall penetration probability with Eq. 
(3) [29].

  
(3)

3. SURVIVABILITY AND DEMISE MAPS 
 FOR SATELLITE COMPONENTS

To have a better understanding of a combined demisabil-
ity and survivability analysis, we present a set of contour 
maps showing the variation of the RMF (see Eq. (1)) and 
of the penetration probability (see Eq. (3)) as a function 
of the thickness, dimension and material of the object. 
In addition, the orbit characteristics for the survivabil-
ity and the initial re-entry conditions for the demise are 
taken into account. Figure 2 shows an example of such 
contour maps for a cubic shaped object re-entering from 
an altitude of 120 km at a velocity of 7.3 km/s, with an 
operational orbit of 800 km of altitude and 98 degrees of 
inclination, for a mission lifetime of 3 years. 
The x-axis and y-axis represent the thickness and the 
side length of the cube, respectively. The blue contour 
lines identify the RMF percentage of 1, 50 and 99 per-
cent, meaning that an object with dimension under the 
1 percent curve will have less than 1 percent of its mass 
remaining after the re-entry. The red contour lines, on the 
other hand, represent the 0.1, 1, and 10 percent penetra-
tion probability of a structure for the considered mission 
orbit and lifetime. The bottom right corner of the map 
(grey area) identifies a region of non-physical combina-
tion of thickness and side length that is when the thickness 
is greater than half the side length. The arrows indicate in 
which direction of the contour map the survivability and 
the demisability are improving. It is possible to observe 
that, as expected, an increased thickness results in a bet-
ter survivability performance, whereas a thinner object 
will, in general, be more demisable. 

Figure 2. Combined survivability and demisability map
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Both criteria instead favor smaller objects: for the sur-
vivability, a smaller cross-sectional area means a lower 
probability of getting impacted by space debris, and for 
the demisability, a smaller object is less massive and thus 
in general easier to demise. Of course, also physical con-
straints need to be taken into account as, for example, the 
overall size of a spacecraft can be strongly influenced by 
the dimensions of the payload.
A set of results are here presented taking Earth observa-
tion and remote sensing missions as an example. Many 
of these missions exploit sun-synchronous orbits due to 
their favorable characteristics that allow the spacecraft 
to pass over any given point of the Earth’s surface at the 
same local time. Examples of this kind of missions are 
Landsat 8 [30], MetOp [31] SPOT 6/7 [32] and many 
others. As already pointed out, sun-synchronous orbits 
have highly appealing features for Earth observation mis-
sion, and for this reason, they are much exploited. An 
indication about the current population of satellites popu-
lating the sun-synchronous region is represented in Fig-
ure 3. Figure 3 shows the current population of satellite 
between an altitude of 400 and 800 km and an inclination 
between 0 and 150 degrees (data from [33]). Each point 
represents a satellite, and it is possible to observe a very 
high concentration of satellites around the 98 degrees in-
clination. The number of satellites is even higher than 
it appears from the figure since the points superimpose 
each other because of the very similar inclinations of the 
satellites. The plot also includes a color-map showing 
the penetration probability on an aluminum alloy (7075-
T6) cube of 1-meter side length and 4 mm thickness as 
a function of the orbital inclination and altitude. As it 
can be observed, the sun-synchronous region is not only 
very populated, but it is also one if not the most exposed 
to the debris environment with the highest penetration 
probability. Following these considerations, a set of three 
circular orbits with altitude of 600, 700, and 800 kilome-
ters respectively and an inclination of 98 degrees were 
selected (see Figure 4). In fact, these orbital altitudes and 
inclination enclose many of the operational orbits of the 
previously cited sun-synchronous missions. Earth obser-
vation and remote sensing missions usually have a life-
time of at least 3 years, and up to 10 years.

Figure 3. Satellite distribution for orbit between 0 
and 150 degrees of inclination and 400 and 800 km of 
altitude, with associated esteem of their penetration 

probability

This consideration led to the decision of taking into ac-
count four different mission durations of 3, 5, 7, and 10 
years respectively (see Figure 5).
The difference among the different orbits considered is 
observable in Figure 4 and it is caused by the different 
amount of space debris populating the selected orbits. 

Figure 4. Penetration probability as function of orbit 
altitude (orbit inclination of 98 degrees)

The 800 km orbit has the highest particle density thus 
producing greater impactor fluxes, which in turn translate 
into a higher penetration probability on a structure.
On the other end, as expected, an extended mission life-
time results in a higher penetration probability. From Fig-
ure 5 the trend appears to be linear with correspondent 
penetration probability lines almost equally spaced as the 
mission duration varies. 
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Figure 5. Penetration probability as function of mission 
duration

A consideration can be done on where the main spacecraft 
structures and components are located inside these maps; 
in other words, which are the usual ranges of thickness 
and size of common spacecraft components. We repre-
sents some these components, in particular at five catego-
ries, which are summarized in Table 1 together with their 
ranges of thickness and size. 

Table 1. Size ranges used in the article for typical 
spacecraft structures and components

S/C Component ts range
(mm)

Size range
(mm)

Tanks 0.5 – 15 150 – 500 (radius)

EOS payloads 2 – 20 500 – 1200 (side length)

Typical structures 1 – 10 100 - 2000 (side length)

Reaction wheels 0.5 – 3 70 - 150 (radius)

Battery cells 0.5 - 1 55 – 85 (radius)

The maps presented from Figure 6 through Figure 11 have 
all a similar structure: two materials for each map, distin-
guished by the dashing of the lines; two color shades, 
with cold colors (blues) representing the survivability 
and warm colors (reds) representing the demisability. 
The colors gradient is such that darker colors represent 
better solutions for both the demise and the survivability 
so, for example, dark blue is better than light blue for the 
survivability.
The Figure 6 and the Figure 7 present the maps previ-
ously described, highlighting the region where most 
satellite tanks resides. The survivability part of the plots 
is representative of an 800 km altitude and 98 degrees 
inclination orbit and for a mission lifetime of 3 years, 
whereas the demisability analysis has been performed 
for an initial altitude of 120 km and an initial velocity 
of 7.3 km/s with an initial flight path angle of 0 degrees.  

In order to describe the behavior of a tank, a cylindrical 
shape with the diameter equal to its height was selected. 
Figure 6 shows the results for aluminum and stainless 
steel tanks. As it is possible to observe, there is a sub-
stantial difference between the two materials for both the 
criteria considered. The stainless steel is extremely resis-
tant to debris impacts; indeed the 0.1% penetration prob-
ability line (dark blue dashed line) is very close to the 
10% (light blue solid line) penetration probability line of 
the aluminum case. This means that there is a difference 
of two orders of magnitude in the vulnerability of two 
cylindrical tanks with the same dimensions but different 
material, i.e. aluminum or stainless steel. On the demise 
side, the exact opposite happens, as the aluminum con-
figuration is more favorable with respect to the stainless 
steel one. It is possible to observe how the line represent-
ing the 99% RMF (orange dashed line) of the stainless 
steel crosses the line of the 1% RMF (red solid line) of 
the aluminum. This, in turn, indicates that when a cylin-
der made of aluminum has dimensions under the 1% line 
it will completely demise, whether, if it is made of stain-
less steel, almost all of its mass will survive. 

Figure 6. Survivability and demisability map for 
aluminum alloy and stainless steel with satellite tank 

region highlight

The Figure 7 shows the same map but for graphite epoxy 
and titanium material selection. In this case, a consistent 
difference between the demise behaviors of the two ma-
terials can be seen. The titanium tanks are extremely dif-
ficult to demise, due to the high melting point and heat of 
fusion of the titanium alloy. For this reason none of the 
titanium tanks analyzed fully demise, and only a small 
fraction (the region under the orange dashed line) suf-
fer a partial demise. On the other extreme, the graphite 
epoxy components fully demise in almost all the cases 
analyzed. This is due to the way the graphite epoxy is 
modelled in DAS, that is as an equivalent material with 
very low heat of fusion. Such a model is used to ren-
der the charring behavior of the graphite epoxy. In fact,  
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as the material reaches the melting temperature, it be-
comes very fragile and starts to char, thus making it much 
more demisable. This behavior is also the reason why 
only the 99% RMF line is represented on the graph: all 
the other lines almost superimpose the 99% line because 
the very law heat of fusion causes a very rapid demise 
once the melting temperature is reached.
On the survivability side, the difference is less evident 
but still important. As expected, the graphite epoxy is 
more vulnerable than the titanium alloy.
Looking at the shaded region representing common tanks 
dimensions, it is evident that tanks made of stainless steel 
will most probably survive the re-entry but they will be, 
at the same time, very resistant to particle impacts, at 
least one order of magnitude more than the other mate-
rials. On the other end, an aluminum tank will almost 
certainly demise but will also be much more vulnerable 
to debris impact. We can observe similar results for the 
graphite epoxy, which is more demisable with respect to 
aluminum but also has a higher penetration probability 
than the aluminum. For what concerns titanium, its resis-
tance is higher than the one provided by aluminum and 
graphite epoxy but lower than the one stainless steel can 
provide.

Figure 7. Survivability and demisability map for 
graphite epoxy and titanium alloy with satellite tank 

region highlight

Combining this with the fact that titanium is the least 
demisable among the four materials analyzed makes it 
the worst trade off solution.

At this point, it is important to discuss the region selected 
to represent cylindrical tank dimensions. The shaded area 
presented in Figure 6 and Figure 7 is quite extended since 
it covers many different options for tank designs. Now, 
most of spacecraft tanks are manufactured with stainless 
steel and titanium; usually theses tanks have thicknesses 
in the order of millimeters [4, 34, 35]. However, also 
a sub millimeter portion is represented in the graph in  

order to take into account for tank liners. Liners consti-
tute the inner part of Composite Overwrapped Pressure 
Vessels (COPV) and are usually under the order of mil-
limeter in size [4, 34]. The upper limit selection results 
from the composite part of the COPV tanks, which is 
made of graphite epoxy or similar composite materials.

Figure 8. Survivability and demisability map for 
aluminium alloy and stainless steel with battery cell and 

reaction wheel region highlight

We present an analogous set of maps highlighting regions 
with a combination of radius and thickness typical of oth-
er spacecraft components. The components considered 
are battery cells and reaction wheels. Both objects are 
schematized with right cylinders (i.e. the height equals 
the diameter) and their regions are presented together in 
Figure 8 and Figure 10. The battery cell region and the 
reaction wheel region are represented with a green and 
pink area respectively. 

 
Figure 9. Survivability and demisability map for 

aluminium alloy and stainless steel with typical S/C 
structure and EOS payload region highlight

These regions were estimated looking at catalogues of 
battery cells [36] and reaction wheels [37, 38] manufac-

Journal of Space Safety Engineering – Vol. 3  No. 2 - September 2016

88

International Association for the Advancement of Space Safety



turers and using preliminary design relationship taken 
from [39]. We decided to represent these two components 
since they can usually survive the re-entry, thus posing 
risk for people on the ground. Both reaction wheels and 
battery cells are usually made of titanium and stainless 
steel; from the orange contours in Figure 8 and Figure 10 
it is clear that these two materials produces non-demis-
able solutions.

Figure 10. Survivability and demisability map for 
graphite epoxy and titanium alloy with battery cell and 

reaction wheel region highlight

In order to have demisable solutions one of the most ef-
fective solutions is to change the component material.
Changing the material from steel to aluminum would 
make both this component demise upon re-entry. For 
battery cells, it is possible to consider Li-ion batteries 
instead of NiH and NiCd. The latter, in fact, are manu-
factured with stainless steel vessels whether the former 
are usually made of aluminum [4]. 

Figure 11. Survivability and demisability map for 
graphite epoxy and titanium alloy with typical S/C 

structure and EOS payload region highlight

This change of course has to come to a price in term of 
survivability: a more demisable aluminum battery cell 
will be certainly more vulnerable to debris impacts. Of 
course changing the material of the object is not the only 
option towards a more demisable configuration: consid-
erations about the aspect ratio of the component, the po-
sition inside or outside the spacecraft are also extremely 
important. In addition, it is not important only for the de-
mise but for the survivability.
It is beyond the scope of this article to investigate such 
possibility but they will constitute the natural develop-
ment of the current work for a more detailed trade off 
design of spacecraft configuration for demise and surviv-
ability.
A final set of maps presented in Figure 9 and Figure 11 
show the regions of dimensions for common spacecraft 
component and for Earth Observing System (EOS) pay-
loads. In this case, we generated the maps for a cubic 
shaped structure since it better resembles the shape of 
common satellite structures and components such as 
electronic boxes and power units. The same orbital con-
ditions have been used for the survivability analysis (800 
km of altitude, 98 degrees of inclination and 3 years mis-
sion duration), as well as the same initial conditions for 
the demise (120 km of initial altitude, 7.3 km/s initial 
velocity and 0 degrees initial flight path angle). The lim-
its for the typical spacecraft structure were taken form 
[35], whether the limits for the EOS payloads have been 
deduced from the data available for actual payloads used 
into NASA Earth Observing Systems Missions [40]. 
Their dimension were traced back to a cubic shape with 
equivalent volume and the range of thickness obtained 
assuming they were made with the lightest and heavi-
est material considered, i.e. graphite epoxy and stainless 
steel respectively. Most spacecraft structures and compo-
nent casings are manufactured with aluminum. It is pos-
sible to observe that such option produces configurations 
that usually demise. Considering this, in most situations 
a configuration could be optimized by changing the ge-
ometry and the thickness of a components rather than the 
material itself unless specific needs for demise or surviv-
ability arises. Possibly, the most convenient option would 
be to switch towards a graphite epoxy configuration that 
provides a much better demisability, sacrificing some 
protection from the debris environment. This could be 
the case in missions where the satellites needs to have a 
very high rigidity such as the case of the GOCE space-
craft [41], whose primary structure is in fact made en-
tirely from graphite epoxy.
On the payload side, the situation is much more variable 
since there is usually a wide variety of instruments and 
sensors. Their requirements and integration with the sat-
ellite are also less flexible and a change of material or ge-
ometry may be possible but not in every situation. Other 
options could be exploited in case of payloads.
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4. MULTIOBJECTIVE OPTIMIZATION

The ultimate goal of the survivability and demise models 
will be their implementation into an optimization frame-
work. The aim of this framework is to find optimized 
trade-off preliminary spacecraft configurations, which sat-
isfies both the survivability and the demise requirements. 
In this way, a more integrated approach to both this re-
quirements can be achieved since the early stages of the 
mission design, thus saving late changes in the project that 
can lead to increased costs and delays.
A multi-objective optimization problem was formulated, 
whose fitness functions are represented by the criteria de-
scribed in section 2.1 and 2.2. In its general formulation, a 
multi-objective optimization problem can be described in 
mathematical terms as:

  

(4)

where x is a solution vector. The first line in Eq. (4) repre-
sents the set of m objective functions, and lines two to four 
represent constraints to the problem in form of inequali-
ties, equalities and boundaries respectively. In the case in 
exam, the constraints can be represented by dimensions 
limitations, mass and volume upper limits, structural resis-
tance of the component, etc.
Usually, in multi-objective optimization, there is not a 
single optimal solution. Therefore, the concept of Pareto 
optimality has to be introduced. A Pareto optimal solution 
is a solution that cannot be improved in any of the objec-
tives functions without producing degradation in at least 
another objective [42]. Expressed in mathematical terms, 
a solution x1 is said to Pareto dominate a second solution 
x2 if:

  
(5)

A Pareto optimal solution is a solution that is not dominat-
ed by any other solution. The set of Pareto optimal solution 
is referred as to the Pareto front.

In general, there is a large variety of optimization strate-
gies. Many of these methods rely on the knowledge of the 
derivative of the functions to optimize. This requires the 
functions to have specific mathematical properties, i.e con-
tinuous functions and derivatives. For this reason, they are 
not always applicable, especially when the problem is very 
complex. Other optimization strategies, such as search al-

gorithms, instead do not require the knowledge of the de-
rivative of the functions. They compare the target function 
at points in a distance defined by a step function and move 
until no further improvement is found. A final set of algo-
rithms is represented by heuristic algorithm like genetic 
algorithm or simulated annealing, which applies mecha-
nisms found in nature to the optimization of a problem. In 
particular, genetic algorithms use the principles of natural 
evolution: starting with a certain population of possible so-
lutions, they evolve it using operators like mutation, selec-
tion and crossover. The selection of the individuals in the 
population that carry on in the evolution depends on their 
quality as well as on chance. These kinds of algorithms 
of course rely on a certain amount of randomness both in 
the population generation and in the genetic operators that 
evolve the population itself [43, 44].

In the case in exam, the problem, in its most complex form, 
has to take into consideration very diversified parameters, 
such as the shape of the object (sphere, box, and cylin-
der), its dimensions and material. As it possible to observe, 
these parameters are a mix of discrete variables such as the 
material and the shape, and continuous variables like the 
size and thickness of the component. Considering also a 
future development of the project, other parameters to take 
into account will be the position of the component inside 
and outside the spacecraft and the different type of shield-
ing options adoptable. 
With all these consideration in mind, the decision to adopt 
a genetic algorithm was taken. Genetic algorithms were 
selected because of their extended documentation and 
their relative simplicity of implementation. Moreover they 
are suitable for complex problems with a combination of 
continuous and discrete variables such as the preliminary 
design of a spacecraft configuration [45]. The develop-
ment of such an optimization framework is at this point 
of the work at its early stages, but it is intended to provide 
a tool for a preliminary optimization, which will take into 
account survivability and demise requirements since the 
first stages of the mission development.
The implementation of the genetic algorithm was carried 
out using the Python framework Distributed Evolution-
ary Algorithms in Python (DEAP) [46]. DEAP provides 
the user with a series of pre-implemented multi-objective 
optimization strategies such as the Non-dominated Sort-
ing Genetic Algorithm II (NSGA II) [44] and the Strength 
Pareto Evolutionary Algorithm 2 (SPEA2) [47] together 
with a set of standard mutation and crossover operators 
readily available.

4.1 Preliminary Optimization Results

For the case in exam, we set up a simple optimization 
using the NSGAII selection mechanism provided in 
DEAP, selecting the Simulated Binary Bounded cross-
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over mechanism and the Polynomial Bounded mutation 
operator. As is commonly done in genetic algorithms, the 
crossover probability was set to a high value (0.9) and 
the mutation probability to a low value (0.05). The initial 
population has 30 individuals and the evolution is carried 
out for just 10 generations; every generation a number 
of offspring equal to the initial population is generated 
and evaluated by the NSGAII algorithm. The individuals 
coming from the selection mechanism carry on further in 
the evolution. The number of retained individual is again 
equal to the size of the initial population. As mentioned 
before, the objective functions selected are the two cri-
teria previously described, and expressed by Eq. (1) and 
Eq. (3). The search space for the optimization is bounded 
with the limits showed for the satellite tanks (see Table 1) 
with hard boundaries, and the only variables considered 
in the optimization were the radius and the thickness of 
the cylinder.
Figure 12 shows the Pareto front for the described simu-
lation, for stainless steel tanks. Figure 13 shows the cor-
responding individual plotted against the correspondent 
survivability and demisability map. The result is what 
we were expecting: the optimizer identifies the solutions 
with the smaller diameter because, without any further 
constraints, it is the configuration favoring both the 
demisability and the survivability. A smaller cylinder has 
less mass and it is thus more demisable, and at the same 
time, has a lower external surface, which in turn means a 
lower probability of being hit by space debris. 

Figure 12. Pareto front

The thickness on the other hand, has a maximum values 
that correspond to the biggest allowable thickness, which 
assures the highest possible survivability index. The low-
er value instead, in this case, does not correspond to the 
lower possible thickness since the highest RMF index is 
achieved at around 3 mm thickness. We can note that this 
is the value where we have the peak in the RMF contour 
lines for the stainless steel (see Figure 13).

Figure 13. Pareto front individuals’ survivability and 
demisability map

5. CONCLUSIONS

A novel approach towards considering in a more inte-
grated way the design requirements arising from the sur-
vivability and the design-for-demise was presented. Two 
models have been developed and two criteria to evaluate 
the level of demise and survivability have been proposed. 
As previously stated, (see Section 2.1) the demisability 
model uses a simplified approach to evaluate demise of 
components. Such approach does not take into account 
the behavior of some type of materials such as titanium 
alloys, which can experience exothermic reaction during 
the re-entry. This can result in a deviation from the stan-
dard melt temperature model used in the present work. 
However, it is intention of the author to research such 
aspects and make an effort to include them in the demis-
ability model.

The paper then presents a set of maps showing simulta-
neously the survivability and demisability index as func-
tion of size, thickness, and material of the components. 
The maps shows the competing behavior of the two de-
sign requirements and have been contextualized adding 
satellite structures and components boundaries and con-
sidering orbit specific to Earth observation missions. As 
the overall aim is to consider how the two competing re-
quirements affect the preliminary design of a spacecraft, 
a multi-objective optimization framework looks like the 
natural step forward for the project. With this in mind, a 
preliminary optimization was performed, using as objec-
tive functions the developed criteria.

Future effort will be devoted towards the further develop-
ment of the two models for the survivability and demise 
with the complementary objective of merging them in the 
outlined multi-objective optimization framework.
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ABSTRACT 

Risk management for new launch vehicles issuing from 
different origins and original industrial organizations, 
was a great challenge. In order to assess risk for launch 
operations, a specific type of risk analysis from take-
off along the flight is performed. This analysis is called 
Launch System Hazard Study.
The method is a classical one for high-risk industry, for 
which all the risks shall be assessed and mastered. These 
classical studies identify the hazard on ground and es-
tablish the risk mitigation to reduce the risk occurrence 
(prevention measures) and/or to minimize the effect (cor-
rection measures), like in particular the evacuation of the 
hazard zone.
One of the main differences between the risk industry and 
the launch vehicle is that the latter is a moving source of 
hazard, which can be very large and reach many places 
on Earth or in orbit.

More precisely the hazard study is an analysis that in-
cludes a description of all the hazards related to the op-
eration in nominal and accidental operating situations, 
whether their cause is internal or external. The study 
specifies the nature and scope of the possible conse-
quences of all these operating situations. When dealing 
with elements of the launch vehicle which are returned 
or which fall back and are liable to reach the ground, the 
study presents the components of these elements, stating 
their dimensions, masses and materials used.
Moreover the study must present an exhaustive analysis 
of the causes and consequences, as well as the probabili-
ties of the critical events. The mitigations are also defined, 
if necessary.

Since 2010, each new development of a European launch 
vehicle required a hazard analysis.
The lessons learnt consisted in the adaptation of the 
methodology not only to the scale of the launch system 
evolution, but also to the different phases or type of de-
velopment, from a complete launch system to an adapta-
tion for a specific mission.
To allow this flexibility, the challenge was to simplify the 
analysis, without losing from the accuracy and the com-
pleteness point of view. The benefit of this approach is to 

have a more efficient methodology, more widely usable 
and fruitful all along the development, to anticipate and 
optimize the mitigation measures.

1. INTRODUCTION 

French Space Operation Act (hereafter FSOA) and as-
sociated regulations came into force on 2010, December 
10th. Their goal is to establish the legal safety of each 
space operator. They aim at ensuring the space activi-
ties’ technical risks mastery, considering in particular 
third party risks. These third party risks are mainly the 
consequences of damages to persons, to public health, 
to belongings and to environment that can occur during 
the space operation. According to the regulatory frame, 
the hazard study is the method to be applied in order to 
identify and mitigate those risks.

CNES, French Space Agency, has 2 types of missions: 
the first one is to develop and maintain the expertise in 
the methodologies to identify and mitigate the risks. The 
second one consists in verifying for the French govern-
ment the accuracy of the operator demonstration of the 
launch operation compliance with the regulations.

For European launch systems, the hazard study is begun 
as soon as possible in the development plan. Today, after 
several developments, some improvements due to les-
sons learnt have been implemented.

2. FSOA TECHNICAL REGULATION

In accordance with II.2°c) of article 1 of the FSOA de-
cree of 9th June 2009 [A1], the launch operator carries out 
a study of the potential hazards involved in the planned 
space operations.

To do so, in accordance with Article 7 of decree concern-
ing Technical Regulation [A3] (hereafter TR), the launch 
operator must perform a Launch System Hazard Study. 

“This hazard study includes a description of all hazards 
related to the operation in nominal and accidental operat-
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ing situations, whether their cause is internal or external. 

The study specifies the nature and scope of the possible 
consequences of all these operating situations. When 
dealing with elements of the launch vehicle which fall 
back and are liable to reach the ground, the study pres-
ents the components of these elements, stating their di-
mensions, masses and materials used.

The launch operator must therefore:
• demonstrate compliance with the quantitative re-

quirements (cf. article 20 of TR [A3]), with regard 
to the collective casualty risk;

• evaluate the effects of any accidents on public 
health and the environment.

This study must cover the following events, in the condi-
tions stipulated in chapter 3 of [A3]:

• damages linked to fall-back of elements designed 
to separate from the launcher;

• damages linked to controlled or uncontrolled  
reentry of launcher elements placed in earth orbit;

• damages linked to failure of the launch vehicle;
• collision with manned space objects, for which 

the orbital parameters are precisely known and 
available;

• damages linked to explosion of a stage in orbit;
• collision with a celestial body.

The study must present an exhaustive analysis of the 
causes and consequences, as well as the probabilities of 
the aforementioned critical events. The risk reduction 
measures such as to comply with the technical require-
ments of the Technical Regulation (Chapter 3 of [A3]) 
are listed in the risk management plans laid out in the 
article 9 of [A3].”

3. GENERAL PRINCIPLES OF THE HAZARD  
 STUDY METHODOLOGY

In answer to TR article 7 the methology described 
hereafter has been proposed by CNES and is described 
throughout the “Guidelines of Good Practices” cf. Article 
54 of [A3]. 
This study includes a description of all the hazards relat-
ed to the operation in nominal and accidental operating 
situations, whether their cause is internal or external to 
the Launch System. 
The study specifies the nature and scope of the possible 
consequences of all these operating situations. When 
dealing with elements of the launch vehicle which fall 
back and are liable to reach the ground, the study pres-
ents the components of these elements, stating their di-
mensions, masses and materials used.

The study must present an exhaustive analysis of the 
causes and consequences, as well as the probabilities of 
the critical events at the origin of these hazard scenarios. 
The mitigation measures are listed in the risk manage-
ment plans.

Main topics of the hazard study are the following:

 Description of the space operations, procedures 
and systems;

 Hazards identification;
 Identification of the feared events and their ef-

fects;
 Eligibility criteria for risks; 
 Risks management (mitigation);
 Synthesis and conclusion: Synthesis tables &  

Mitigation risks measures list.

Note: The feedback from previous launches is taken into 
account in each part of the hazard study.

Five years after the first hazard studies performed in the 
scope of the different European launch systems, the gen-
eral methodology as above-mentioned described in the 
“Guide of Good Practices” is still relevant. Nevertheless 
some improvements have been implemented.

4. IMPROVEMENTS OF THE  
 METHODOLOGY

The first launch system hazard studies performed after 
the FSOA came into force had some weaknesses to be 
improved.
The analysis table containing the justification of the ac-
ceptability of the risks was a bit complex and contained 
up to 22 columns. It generated the following disadvan-
tages:

• The study was too theoretical and difficult to read 
and be understood by people who are not usually 
in charge of risk management

• The logic of acceptability was uneasy to follow, as 
the requirements that come from the different TR 
articles are not solely quantitative 

• The traceability to the reference of the detailed 
technical analyses used as input were difficult to 
follow

• This complexity had also the disadvantage to 
make uneasy and very time consuming the evolu-
tion of the study in case of evolution of launcher 
mission and hardware configuration. The hazard 
study format was also not very well adapted to as-
sess the impact of a new development or a specific 
mission.
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The objectives of the hazard studies improvements aimed 
at making the final document more synthetic and more 
readable, with the strong constraint to lose neither reli-
ability, nor exhaustiveness.

The expected benefits are:
• An enlarged diffusion and a better appropriation 

of the safety issues by the different actors involved 
in the project, and not just a document dedicated 
to the safety experts;

• A better understanding of the overall logic of the 
risk management for each potential effect thanks 
to a higher synthetic level;

• An improvement for the traceability of the refer-
encing of the detailed technical analyses which 
were performed in the scope of the management 
process of the risk mitigation;

• An easier assessment of the impact of a launcher 
definition or mission evolution, like hardware or 
trajectory change.

• A better appropriation of the hazard study by the 
project team for a better anticipation and piloting 
of the risks throughout the development program.

4.1 Description of the space operations, procedures  
 and systems;

In the hazard study the general description of the overall 
launch system can be limited to the key elements linked 
to safety (i.e. the main hazard situations), as the reader 
can have access to a more general description in other 
launch system documentation, like the definition file or 
the justification file.

With respect to the safety aspects, the flight domain can 
be described by the successive flight phases:

• Close range zone: authorized envelope for launch 
vehicle movements during the first moments of 
flight. The close-range zone ends no later than the 
radio horizon or the range limit of the CNES/CSG 
remote-control and neutralization station, accord-
ing to the Decree regulating the operation of the 
Guiana Space Center facilities (DRO) cf. [A4]

• Far field zone: this phase succeeds the previous one 
following either the loss of the neutralization capac-
ity (ground or on-board) of the launch vehicle, ei-
ther the moment at which the impact zone is tangent 
to the territorial waters of the first State encountered 
along the nominal trajectory (cf. TR article 18).  
It ends when the launch vehicle is in orbit.

• Fall-back of the element designed to separate to 
the launcher: during the close range or far field 
zone, such elements must not impinge on the 
territory, including the territorial waters, of any 
State, without its agreement. (cf. TR article 23). 

• Orbital phase: Orbital flight and maneuvers of the 
launcher or elements of the launcher, including in-
orbit life, passivation and disposal maneuvers (cf. 
TR article 21). 

• Reentry phase: phase which starts with the reentry 
of the space objects in the terrestrial atmosphere 
and ends when the debris reach the ground, in the 
scope of a controlled or not controlled reentry (cf. 
TR Article 20).

Regarding the hazard study the main parameters to be 
described are:

• The flight sequence of the launcher events linked 
with those latter safety topics

• The ground track of the instantaneous impact 
point, as it can be seen on Figure 1 below

• The nominal fallback areas of elements designed 
to separate from the launcher and deorbit impact 
area if any.

Figure 1: Ground track of impact point

An example of such flight sequence for an Ariane 5/ES 
mission is shown on Table 1.

Table 1: Flight Sequence of Events example
Event

C
lo

se
 ra

ng
e Lift-off

Booster jettisoning: fallback in Atlantic
Fairing jettisoning: fallback in Atlantic
End of visibility of the neutralization remote control

Fa
r fi

el
d Start of inhabited land overflying

First stage jettisoning and fallback zone
Ignition of upper stage 1st boost

O
rb

ita
l fl

ig
ht

Start of orbital flight
Cross of ISS orbit (altitude = 400 km)
Shutdown of upper stage 1st boost
Ignition of upper stage 1st boost
Exit of A area (perigee > 2000km)
Shutdown of upper stage 2nd boost
Separation of first set of payload
Separation of second set of payload
Start of passivation of upper stage
End of mission = stop of avionics
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4.2 Hazard Sources identification

Two classes of danger source must be addressed: external 
and internal.
The external danger sources are linked to the launcher 
environment:

• Thunderbolts ;
• Winds on the launch pad;
• Winds in altitude (light fragment) ;
• Winds on coasts (toxicity impact) ; 
• Rain / temperature drop / frost ;
• Excessive electromagnetic fields ;
• Outer space conditions
 (temperature, vacuum, …);

The external danger sources linked to humans are inten-
tionally not considered in the hazard study:

• Malicious acts, sabotage or terrorism affecting the 
flight, but are subject to special measures in Gui-
ana Space Center.

• Boats, aircraft, manned spacecraft or unmanned 
space objects are not considered as danger, but as 
“targets”.

• The dangers associated with the preparation of 
launch are managed under other regulations (oc-
cupational safety, ICPE, ...).

Note: natural disasters (geological or hydrological or bi-
ological phenomenon, wildfire, severe turbulence 
and off-specification) were not selected because 
they are considered very unlikely in Guyana or 
irrelevant in our study

The internal danger sources are the launcher failures, 
which must be identified through usual dependability 
analyses, as launcher risk analysis and failure mode anal-
ysis, for the aim of achieving the exhaustiveness of the 
identification of danger sources.

4.3 Potential victims of mission anomalies 

Four types of potential targets of incursion are identified 
in case of mission anomalies:

• Humans on Earth (land, air (planes), sea (boats)) 
and public health;

• Man-rated flights (International Space Station or 
other man-rated flights whose parameters are well 
known and available);

• Properties;
• The atmospheric environment (land, air, sea) and 

the outer space environment (specific require-
ments applicable for protected LEO and GEO 
zone cf. TR article 21, for celestial bodies, cf. TR 
article 26).

4.5 Acceptability criteria

For each effect the involved applicable articles of the TR 
or DRO are identified to define the relevant acceptability 
requirement.

These requirements depend of the considered flight 
phase, and are based on both quantitative and qualitative 
criteria, as:

- Qualitative failsafe/failsafe requirement at the 
launch system level for the close range zone and 
deterministic approach to exclude any hazard in 
the protected area, whether mechanical, thermal 
or toxic;

- Quantitative requirement for the collective risk 
of causing at least one casualty of 2x10-5 for the 
lift-off up to the orbital flight, and 2x10-5 for the 
reentry phase;

Chapter 3 of the TR contains other specific technical re-
quirements for the launch operations. The acceptability 
criteria are specific to each article, and therefore the ge-
neric eligibility for Humans and Environment considered 
in the first hazard studies, led to a higher abstraction level 
that harmed the readability.

As an improvement, the acceptability of the effects on 
the target is now strictly stated with regards to the criteria 
expressed in the concerned articles of the TR.

4.6 Identification of the feared events and their  
 effects 

The Feared Events (FE) are the phenomena which are 
potentially feared by the targets. The generic list of FE 
comes directly from the art. 7 of the TR (cf. §3).

From the launch system risk analysis and following a 
flight phase analysis, the different effects resulting from 
launcher failures which potentially lead to the FE are 
identified. All these cases are gathered in a synthesis 
table (see Table 2) containing the following information:

• Hazard source: origin of the hazard, coming from 
external environment, or from internal launcher 
failure;

• Feared Event: generic feared event coming from 
the art 7 of TR;

• Flight phase: part of the flight involved in the ef-
fect (close range, stage fallback, far field, orbital 
flight, reentry);

• Effect: wording of the effect
• Damage class: severity of the worst feared conse-

quence on the target.
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Table 2: Format of the Effect Synthesis

Hazard 
sources

Feared 
Event

Flight Phase

Effect

D
am

ag
e 

C
la

ss

C
lo

se
 ra

ng
e

St
ag

e 
Fa

llo
ut

Fa
r fi

el
d

O
rb

ita
l fl

ig
ht

R
en

try
For a dedicated mission, about twenty different effects 
are identified. As an illustration, the different effects ana-
lyzed for a particular mission of Ariane 5 are:

• Launcher fallout or explosion following lightning 
impact on an in-flight launcher in close range

• Launch pad destruction due to launcher drift fol-
lowing excessive ground wind at lift-off.

• Launcher fallout or explosion following excessive 
altitude wind in close range

• Nominal fallout of stage (boosters fairing, first 
stage)

• Launcher fallout or explosion after electrical fail-
ure due to radiation environment in far field or or-
bital flight

• Collision of the launcher or elements of the 
launcher with an aircraft

• Launcher fallout or explosion due to internal fail-
ure in close range

• Untimely separation of elements designed to sep-
arate from the launcher

• Non-nominal fallout of elements designed to sep-
arate from the launcher 

• Creation of maritime wrecks leading to potential 
collision with a boat

• Launcher fallout or explosion due to internal fail-
ure in far field leading to fallout of debris on in-
habited land

• Fallout of the upper composite following an under 
propulsion of the lower composite on inhabited 
land

• Fallout or explosion of the upper composite fol-
lowing an under propulsion resulting of a bad ig-
nition of the first boost, on inhabited land

• Explosion of the upper composite following a bad 
ignition of the first boost leading to debris in orbit 
or collision of fragments with inhabited space sta-
tions

• Collision with the inhabited space station during 
the launch phase

• In-orbit explosion due to internal failure of the 
upper composite before mission disposal leading 
to creation of in-orbit debris and chain reaction 
(Kessler syndrom) or loss of human life in inhab-
ited space stations.

• In-orbit explosion due to failure of the passivation 
system leading to creation of in-orbit debris and 
chain reaction (Kessler syndrome) or loss of hu-
man lives in inhabited space stations.

• Non-controlled reentry of the upper composite or 
interference with the GEO protection region from 
its cemetery orbit

For each effect, a synthesis sheet is emitted (see Table 
3) to summarize the treatment logic, the analyses which 
have been performed, the associated identified mitigation 
plan, implemented in development and to be performed 
in production, as well a clear status identifying the ac-
ceptability by the project or the identification of the anal-
yses which remained to be done.

Table 3: Effect Synthesis Sheet
Synthesis Sheet Template

Flight phase Concerned flight phase (cf. flight sequence)

Hazard Identification of the origin of the Hazard

Target Identification of the target

Scenario and 
effect

Description of the feared scenarios and 
events

Feared event 
Probability

Probability of causing a loss of human life, 
permanent invalidity or irreversible harm 
to public health, if the feared event occurs.

This is the probability before and after the 
mitigation measure is effective

Reference of 
FE

Identification of the feared event

Regulation 
Requirement

Identification of the concerned requirement 
TR or DRO

Mitigation 
action

Implemented mitigation measures which 
allows to make acceptable the consequenc-
es of the Feared Events with respect to the 
regulatory requirements

Lessons learnt Lessons learnt from other programs, when 
available 

Project 
justification

Justification synthesis and reference of de-
tailed notes performed by the development 
project team.

Exploitation 
actions

Identification, if any, of the activities to be 
done for each flight by the launch system 
operator in order to mitigate the associated 
risks

Status

Identification of what still to be done (proj-
ect analyses and documentation) for the 
final demonstration of the acceptability 
in development and Acceptability status: 
green = acceptable risk, red = non accept-
able risk
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4.7 Mitigation

For each feared event, mitigation measures must be de-
fined to make it acceptable.

In the close range zone, the key mitigation measure is the 
ability to neutralize the launcher from the ground by the 
safety operators. This neutralization is effective in near 
field phase. 

There are two main types of mitigation measures:
• Preventive measures relying mainly on the 

launcher reliability;
• Corrective measures relying mainly on launcher 

neutralization.

All the mitigation measures identified in the effect syn-
thesis sheets, cf. Table 3, are gathered in appendix of the 
hazard study. Hereafter some generic mitigation mea-
sures:

• Mitigation measures designed in development 
phase, as:
⸰ Definition of meteorological criteria for 

launch;
⸰ Design of neutralization chains to be remotely 

controlled by the safety operators;
⸰ Conception of dedicated tools and models, to 

be used in exploitation for the safety submis-
sions files;

⸰ Definition and implementation of on-board 
automatic neutralization systems

⸰ Definition of test logic implemented in the 
flight software, in case of failure detection

⸰ Design of the passivation system;
⸰ …

• Mitigation measures to be applied in exploitation 
by the launch system operator:
⸰ Respect of meteorological criteria for launch;
⸰ Maintenance of the system in qualified do-

main
⸰ Measures relative to mission analysis and in-

puts required in the safety submission (trajec-
tory, flight corridor, fallback areas, tuning of 
predictive criteria, fragmentation model, casu-
alty risk computation, injection accuracy, …)

⸰ Tuning of the flight software using mission 
analysis results

⸰ …

For each mitigation measure, the reference of the associ-
ated effect synthesis sheet is kept to ease the follow-on 
and traceability.

5. DIFFERENT TYPES OF HAZARD  
 STUDIES

5.1 Delta hazard study

A typical hazard study covers a generic mission. For Ari-
ane 5 program, the following dedicated hazard studies 
have been performed to cover the following generic mis-
sions:

• A5/ECA GTO dual launch;
• A5/ES ATV;
• A5/ES Galileo.

For these missions, the hazard study is based upon gener-
ic trajectories characterized by a qualified domain of key 
parameters, as launch azimuth, final orbit, which fix the 
safety key events of the flight sequence. For each flight, 
the launch system operator provides safety submissions 
to check that the specific flight is still inside the generic 
domain and does not question the hazard study.

Some particular missions are outside the generic domain, 
due to system or hardware evolutions, leading to the need 
of additional development to demonstrate their flight-
worthiness. This leads to re-defining a specific flight se-
quence, trajectory, fallback areas, visibility from ground 
station, logic of deorbit, etc., and therefore it is necessary 
to carry out a specific hazard study.

Such hazard study, emitted for few launches or even for 
one launch only, can be briefer than a generic hazard 
study, and can focus only on the difference between the 
specific mission and the generic ones. The main benefit 
of this approach is to highlight the safety and regulatory 
impacts and to manage them by particular mitigation 
measures. It allows also to reduce the amount of work 
necessary to conduct the analysis, which is performed by 
delta comparison with an existing generic hazard study.

The used methodology for these delta hazard studies fol-
lows the different steps:

• Identification of the generic mission which is 
closest to the specific mission, in terms of trajec-
tories or hardware.

• Description of the particularities of the new mis-
sion in terms of hardware, flight sequence and tra-
jectories.

• For each effect identified in the synthesis table (cf. 
Table 2), assessment if the new mission has an im-
pact or not on it.

• In case of impact, description of the demonstra-
tion provided by the project and identification of 
the specific mitigation measures that have to be 
done in development or in exploitation.
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A new synthesis table is therefore established by the ad-
dition of 2 columns to the initial synthesis table (cf. Table 
2), corresponding to the 2 latter bullets of the proposed 
methodology.

For Ariane 5, this methodology has been applied for the 
following specific missions, with a delta hazard study 
compared to the A5 / ECA GTO dual launch.

• A5/ECA GTO single launch
• A5/ECA GTO Demoflight (Commercial mission 

with additional experimental maneuvers per-
formed after the payloads jettisoning for micro-
gravity characterizations)

5.2 Preliminary hazard study

As a benefit of its simplification, the hazard study meth-
odology is easier to be implemented. Consequently it 
appears that this tool can be used very early in a devel-
opment project. The systematic approach aiming at the 
exhaustiveness of the identification of the potential ef-
fects on humans and environment allows to identify all 
the technical analyses to be done in the scope of the dem-
onstration of the compliance to the technical requirement 
of chapter 3 of the TR. This approach is now implement-
ed for all the Ariane future missions and complementary 
developments. The following preliminary hazard studies 
have been performed for the following missions:

• A5/ECA Upper Part Adaptation;
• A5/ECA mission with Bepi Colombo (mission to-

ward Jupiter);
• A5/ECA mission with the James Webb Space 

Telescope;

As these missions used the A5/ECA version, the format 
of the hazard study is similar to the format described in 
§5.1 for the delta Hazard analysis.

6. SYNTHESIS 

Since the French Space Operation Act and the associated 
regulations came into force in 2010, the methodology 
used to establish the launch system hazard studies has 
been improved in order:

• to ease its readability;
• to facilitate its drafting.

This improvement has been implemented without loss 
of exhaustiveness and with a better overview of the log-
ic of risk mitigation, demonstration of the compliance 
to the regulatory requirements, through the synthetic 
sheets produced for each potential effect on humans or  
environment.

As a result, the diffusion has been enlarged and the hazard 
study is no more only a regulatory document, but is also 
more widely used as a project tool which summarizes the 
risk management of the safety feared events. In this way 
the template of the hazard study is flexible and can be 
adapted to different types of situations, from a complete 
hazard study covering a generic mission domain, to a 
delta hazard study covering an evolution of the launch 
system by an assessment of the impact of each evolution 
all along the flight sequence. Preliminary hazard study, 
performed before the start of development, also allows to 
anticipate and optimize the mitigation measures, and to 
have a better follow-up of their implementation.
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information into one essential 
reference and providing case studies 
to illustrate applications throughout 
space programs internationally.

Safety Design for Space 
Operations
Elsevier 2013

Safety Design for Space Operations 
provides the practical how-to 
guidance and knowledge base 
needed to facilitate safe and 
effective operations safety in line 
with current regulations. 
With information on space 
operations safety design currently 
disparate and difficult to find in one 
place, this unique reference brings 
together essential material on: 
safety design practices, 
advanced analysis methods, and 
implementation procedures.

ALSO AVAILABLE IN BOOKSTORES

http://www.spacecomexpo.com
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